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Abstract
Pollination by animals is an important ecosystem service that contributes to the reproduction
of many angiosperms. Climate change may alter this mutualism by affecting floral traits that
are important to pollinators. Using Cucumis sativus, I tested the effects of experimentally
elevated temperature and CO2 concentration on flowering onset, flower number, flower size,
and floral rewards. Additionally, to better understand plant carbon balance and investment in
reproduction, I measured biomass partitioning and leaf carbon fluxes of plants under their
growth conditions. Carbon dynamics were similar across treatments, and plants grown under
high [CO2] and temperature showed similar biomass production/allocation to control
plants. Despite these similarities, both factors altered floral traits in ways that could affect
plant-pollinator relationships. However, temperature effects were common, while CO2 effects
were not, suggesting that studies focusing on elevated [CO2] may be less valuable than
studies focusing on elevated temperature or the interaction between [CO2] and temperature.
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Summary for Lay Audience
Pollination is vital for the reproduction of many plants, and by supporting plant reproduction,
pollination maintains food production and wild plant communities. Due to human activities,
we are experiencing factors of climate change, such as increased temperature and amounts of
carbon dioxide in the atmosphere. These increases in temperature and carbon dioxide
concentrations may alter the ways that pollinators interact with the plants they pollinate by
changing plant traits that pollinators rely on, such as the number and size of flowers, or the
amount of pollinator food plants produce. To test the effects of climate change on these plant
traits, and to determine if changes in plant physiology might explain changes in plant traits, I
grew cucumber plants at different carbon dioxide concentrations and temperatures. I then
measured flower traits that are important to pollinators (e.g., time to flowering, number of
flowers, flower size, and amount of pollinator food) and aspects of plant physiology (e.g., the
amount of carbon taken up by leaves and plant size) at two different plant stages. I found that
increased carbon dioxide levels and temperature altered flower traits in ways that could affect
how pollinators interact with plants, but these trait changes did not seem to be related to
changes in plant physiology. Warming generally had negative effects on plant traits (e.g.,
flowers were smaller), while higher amounts of carbon dioxide reduced the negative effects
of warming on floral traits, but only at very high temperatures. Interestingly, I also found that
temperature affected more traits than carbon dioxide, suggesting that warming might be more
important than carbon dioxide when trying to predict how plants will respond to climate
change. Furthermore, male and female flowers responded differently to the treatments, and
plants at later stages tended to have lower trait values and less response to the treatments. To
get a better sense of plant-pollinator interactions under future climates, studies including
more plant traits, and pollinator behaviour in response to these trait changes, would be useful.
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Introduction

1.1 Climate change
Since the Industrial Revolution, anthropogenic activities, such as fossil fuel use and land
use change, have dramatically increased the concentration of CO2 ([CO2]) in the
atmosphere from 280 ppm to 415 ppm (IPCC, 2014; USDC, 2020). By 2100,
atmospheric [CO2] could be from 750-1300 ppm without mitigation (IPCC, 2014). As a
result of increases in [CO2] and other greenhouse gases, global mean annual surface
temperatures could increase by 2.5 - 7.8 °C over the same time span, with the degree of
warming dependent on mitigation strategies by humans to slow climate change (IPCC,
2014).
The Intergovernmental Panel on Climate Change (IPCC) assesses and synthesises
published research to produce reports detailing our current knowledge of climate change,
as well as the potential future impacts of, and strategies for adaptation and mitigation to,
climate change. In order to make recommendations about climate change, the IPCC has
designated four representative concentration pathways (RCPs). These RCPs make
assumptions about the extent of future climate drivers, such as emission levels or
greenhouse gas concentrations, and range from a best case/high mitigation scenario
(RCP2.6), to stabilising scenarios (RCP4.5 and RCP6), to a worst case/little to no
mitigation scenario (RCP8.5) (Cubasch et al., 2013). The set [CO2] used for these RCPs
are 421 ppm (RCP2.6), 538 ppm (RCP4.5), 670 ppm (RCP6.0), and 936 ppm (RCP8.5)
(Cubasch et al., 2013). Using information from RCP2.6, RCP4.5 and RCP8.5, the Ontario
Ministry of Natural Resources and Forestry summarised IPCC findings for Ontario in
2014 (McDermid et al., 2014). Based on this report, mean annual air temperature in the
Great Lakes Basin (where this research was conducted) is expected to warm between 2.4
- 4.1 °C under RCP2.6, 3.9 - 5.8 °C under RCP4.5, and between 6.7 - 9.0 °C under
RCP8.5 by the end of this century (McDermid et al., 2014).
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Increases in [CO2] and temperature are not the only characteristics of climate change. We
can also expect more frequent extreme weather events, rising sea levels, and increasingly
melted glaciers (IPCC, 2014). However, in this thesis I focus on [CO2] and temperature
impacts for two reasons: first, because temperature and [CO2] are driving the
aforementioned events, and second, because they are pervasive across the globe. In
actuality, these [CO2] and temperature changes are already having widespread effects on
biological processes, including altering plant traits that are important for plant-pollinator
interactions (e.g., Parmesan, 2007).

1.2 Plant-pollinator interactions
1.2.1

Background

Pollination is the process by which male gametophytes (pollen grains) are transferred
from the anthers of a plant’s stamen to the stigma of a plant’s pistil (Figure 1.1), this
facilitates pollen germination, fertilisation, and seed production so that plants can
reproduce (Willmer, 2011).

Figure 1.1. Diagram of pollination on a perfect flower (containing both male and
female reproductive organs). Circles represent pollen grains and the red arrow
represents pollination. Illustrated by Amy McDonald.
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Pollination is an important ecosystem service given its roles in agricultural production,
biodiversity maintenance, and general ecosystem function (Costanza et al., 1997; Eilers et
al., 2011; Gallai et al., 2009; Klein et al., 2007; Potts et al., 2016). In terms of agricultural
production, pollination precedes the development of seeds and fruits that are utilised by
humans. Additionally, for biodiversity maintenance, pollination contributes to both the
insurance and productivity benefits of biodiversity by allowing outcrossing within plant
species and maintaining plant populations (Heal, 2001; Potts et al., 2016). Specifically,
maintenance of biodiversity via pollination provides both managed and wild plant
populations with increased resilience to stochastic events (e.g., disease or pest outbreaks),
affording ‘insurance’ for ecosystem services and food production (Heal, 2001).
Furthermore, more diverse systems can increase productivity via niche differentiation,
such that resources are more efficiently used by a wider variety of organisms (Heal,
2001). At the same time, pollination in both anthropogenic and natural ecosystems affects
habitat structure and food supplies for wildlife, which can indirectly benefit humans via
recreation and esthetics (Potts et al., 2016).
As sessile organisms, plants require a vector to complete the transfer of their genetic
material. Vectors of pollination can be abiotic, such as wind and water, but the majority
of pollination is carried out by animals (Willmer, 2011). In fact, it is estimated that
around 85% of angiosperms rely on pollination via animals to at least some extent
(Ollerton et al., 2011). Animal pollination is also estimated to provide as much as $774
billion CAD annually in global food production value (Lautenbach et al., 2012; Potts et
al., 2016), and this value is further increased because animal-pollinated species provide
essential vitamins and nutrients to the human diet (Eilers et al., 2011). For instance,
plants reliant on animal pollination produce 90% of vitamin C (Eilers et al., 2011). The
most common animal pollinators are insects, such as bees or flies (Renner & Ricklefs,
1995), and within insect pollinators, managed honey bees, such as Apis mellifera, are
perhaps the most important in terms of direct value to humans.
Animal pollinators are enticed to provide their pollination services by the promise of
floral rewards, including products such as pollen and nectar (Willmer, 2011). For bees,
pollen and nectar are converted into bee bread and honey, which are essential sources of
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carbohydrates, proteins, and lipids that support survival and reproduction (Nicolson,
2011). Pollination also relies on a suite of cues at the whole plant and individual flower
level, including characteristics such as the onset of flowering, flower number, and flower
size, which can influence pollinator attraction and the efficiency of pollination (Willmer,
2011).

1.2.2

Floral traits and plant-pollinator interactions

The general ways that floral traits influence plant-pollinator interactions are related to
advertisement, attraction, and efficiency. These can apply at any point along the visitation
sequence including initial attraction, visitation (e.g., number of flowers visited, duration
of visit), or departure of the pollinator (Willmer, 2011). In order to be able to compare
my results to those of other researchers, I selected the commonly measured floral traits
flowering onset, flower size, flower abundance, and floral rewards to evaluate. In the
following subsections I cover the ways in which these floral traits have been found to
influence plant-pollinator dynamics. Due to the importance of bee pollination (from both
wild and domesticated species), and the abundance of literature on this subject, I
concentrate largely on bee pollination throughout this thesis.

1.2.2.1

Onset of flowering

The timing of flowering onset is important for plant-pollinator interactions to ensure that
receptive flowers are available when pollinators are foraging (Ramos–Jiliberto et al.,
2018). From the plant perspective, initiating flowering when pollinators are not available
could be a waste of resources, since plants risk missing pollination entirely and
insufficient pollination can lead to decreased plant productivity (Kudo & Cooper, 2019).
To some extent, the risk of insufficient pollination depends on a plant’s reproductive
strategy; for instance, an absence of pollinators can be particularly problematic if plants
produce a limited number of flowers over their lifetime or if they flower for a short
period of time. Furthermore, from the pollinator perspective, mismatched flowering time
and insect foraging could lead to a significant lack of food resources during critical life
history stages, such as larval rearing (Brodschneider & Crailsheim, 2010).
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1.2.2.2

Flower abundance

The number of flowers that plants produce influences plant-pollinator interactions in two
main ways. First, the number of open flowers at a given time (display size) influences a
plant’s advertising ability, with more flowers offering greater advertisement to
pollinators; this also affects the amount of rewards available in a particular window of
time (Conner & Rush, 1996). Second, the number of flowers that plants produce over
their lifetime influences the amount of available floral rewards over a longer period of
time, with more flowers providing more opportunities for foraging (Willmer, 2011).

1.2.2.3

Flower size

Flower size can affect both visual advertisement to pollinators and the efficiency of
pollination (Conner & Rush, 1996; Galen & Newport, 1987). Larger flowers are
generally more appealing to pollinators because they are bigger advertisements (Conner
& Rush, 1996). At the same time, changes in whole flower size can alter the ‘functional
fit’ between plants and pollinators (the morphological relationship between a pollinator
and floral sexual organs). Altering the functional fit between plants and pollinators
affects which pollinators can access resources, and also influences how much energy
must be expended to forage on a particular flower (Harder, 1986). Morphological
changes may also be detrimental for plants via direct effects on pollen deposition and
subsequent seed set (Galen & Newport, 1987; Solís-Montero & Vallejo-Marín, 2017).

1.2.2.4

Floral rewards

Floral rewards are essential components of plant-pollinator relationships and the primary
rewards produced by plants are pollen and nectar (Brodschneider & Crailsheim, 2010).
For bees, pollen is an important source of protein, lipids, and micronutrients for larval
growth and sexual maturation, and nectar is an essential source of water and
carbohydrates for energy metabolism (Nicolson, 2011).
The dietary value of pollen and nectar depends on the amount of these rewards that is
available and the concentration of nutritional components in the reward (Brodschneider
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& Crailsheim, 2010; Nicolson, 2011). Both production and concentration of rewards can
vary substantially between individuals and species (Pacini et al., 2003; Roulston & Cane,
2000). In fact, pollen protein levels can be anywhere between 2% and 60% (Roulston et
al., 2000), while carbohydrate concentrations in nectar have been found to range from 6
to 85% (Pamminger et al., 2019). The concentration of sugars also alters nectar viscosity,
and thus the rate of nectar uptake by pollinators (Pivnick & McNeil, 1985).
Pollen and nectar mainly function as pollinator attractants, but they may also manipulate
pollinator behaviour during and after foraging based on nutritional information obtained
from these rewards (Pyke, 2016). Pollinators may use a combination of visual, olfactory,
and gustatory sensing to assess the quantity and quality of floral rewards, although there
is still some debate about how, or if, some pollinators assess pollen quality (Muth et al.,
2016; Nicholls & Hempel de Ibarra, 2017; Scheiner et al., 2013). In general, bumble bees
show a preference for pollen that is high in protein and may prefer pollen with greater
concentrations of essential amino acids (Cook et al., 2003; Hanley et al., 2008). For
nectar, the preference in bees appears to be for higher sugar concentrations, with
concentrations around 50-60% generally providing the fastest rate of energy uptake
(Roubik & Buchmann, 1984). During foraging, the nutritional information gleaned from
rewards may affect the decision of pollinators to continue feeding on the same flower
(Pyke, 2016). After feeding, the nutritional value of pollen and nectar may affect the
decision to forage on the same plant, another member of the same species, or a different
species altogether, with corresponding impacts on plant productivity (Pyke, 2016).
Rewards can also influence plant attractiveness and pollinator behaviour to varying
degrees depending on the pollinator in question. This is because pollinators vary in their
sensory abilities, the floral cues they focus on, and in their nutritional requirements
(Wester & Lunau, 2017). For example, honey bees have approximately 150 olfactory
receptors (Robertson & Wanner, 2006), while hummingbirds are estimated to have
around 50 (Steiger et al., 2008).
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1.2.2.5

Other floral traits

Other floral traits can also influence plant-pollinator relationships. The complex and
tightly linked evolutionary history of plants and pollinators has resulted in a multitude of
traits that are important to this mutualism. As just a few examples, flower colour, scent,
and shape can also play a role in plant-pollinator interactions (summarised in Willmer,
2011). Flower colour can act as an advertisement when pollinators are farther away and
because pollinators see different wavelengths of light than humans, visual cues, like
nectar guides, can orient pollinators during visitation (Pye, 2018). Flower scent can
attract pollinators while deterring herbivores and can aid in proper pollinator entrance and
orientation. Finally, flower shape affects the functional fit between plants and pollinators
and pollinator visitation time. While these floral metrics were not assessed in this study,
for more information on floral traits that influence plant-pollinator relationships see
Willmer (2011).

1.3 Climate change impacts on plant-pollinator interactions
Climate change can directly or indirectly affect plant-pollinator interactions via both
insect and plant responses (Scaven & Rafferty, 2013). Throughout this thesis I focus on
the consequences of [CO2], temperature, and their interaction from the perspective of the
plant, and, consequently, insect responses are not covered here in great detail.
Plants have to invest resources in floral cues and rewards in order to attract pollinators
and ensure efficient pollination; this can sometimes be costly. For instance, plant
investment in nectaries can be as much as 37% of daily photosynthesis (Pyke, 1991;
Southwick, 1984), and allocation of biomass to reproductive structures is estimated to be
as much as 60% (Bazzaz et al., 1987). The common currency for plant growth and
metabolism is carbon. In plants, photosynthesis, photorespiration, and respiration
represent the major carbon fluxes, and the balance between these processes affects the
resources available for plant growth and development (plant carbon balance). These
fluxes have been shown to respond to changes in [CO2] and temperature (Dusenge et al.,
2019), and any [CO2]- or temperature-induced change in carbon fluxes can cascade
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throughout the plant, producing secondary effects on plant physiology, growth, and floral
traits. Here I provide an overview of photosynthesis, photorespiration, and respiration. I
also review the main effects of [CO2], temperature, and their interaction on these
processes, and discuss the effects of changing [CO2] and temperature on plant growth and
floral traits.

1.3.1

C3 photosynthesis

Photosynthesis is the process by which plants harvest and use energy from light in order
to synthesise carbohydrates from water and CO2 (Taiz & Zeiger, 2002). The
carbohydrates produced can then be used to fuel cellular processes. For eukaryotic
photosynthetic organisms, photosynthesis takes place in the chloroplasts and consists of
two processes: the ‘light reactions’ (light harvesting and the production of chemical
energy), and the ‘dark reactions’, aka the Calvin-Benson cycle (carbon fixation) (Taiz &
Zeiger, 2002).

1.3.1.1

Light reactions

The light reactions take place in the thylakoid membranes of chloroplasts and function to
generate energy in the form of adenosine triphosphate (ATP), and reducing power in the
form of nicotinamide adenine dinucleotide phosphate (NADPH) (Johnson, 2016; Taiz
and Zeiger, 2002) (Figure 1.2). The first step in the light reactions is the absorption of
light by chlorophyll pigments. Within the thylakoid membrane, there are two pigmentprotein complexes that harvest incoming solar radiation: photosystem II (PSII), and
photosystem I (PSI) (Taiz & Zeiger, 2002). PSII and PSI each consist of several light
harvesting complexes (aggregates of pigments and membrane-embedded proteins), which
act as antenna complexes to transfer energy from photons towards the reaction centers
(RCs) of the photosystems, and towards the ‘special pair’ of chlorophyll molecules
contained therein (Johnson, 2016). The RCs of each photosystem reach peak absorption
at different wavelengths of light. The RC of PSII peaks at 680 nm (red light), while the
RC of PSI peaks at 700 nm (far-red light), thus, the initial electron donors for each
photosystem are referred to as P680 and P700, respectively (Johnson, 2016).
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Figure 1.2. Schematic representation of the light reactions of photosynthesis. Light
energy excites the specialized chlorophyll (P680) in the reaction center of photosystem II
(PSII). This excites an electron (e-), which travels along an electron transport chain
through a series of redox reactions. The movement of the electron generates a proton
gradient across the thylakoid membrane and allows the production of NADPH and ATP,
which can be used in the Calvin-Benson cycle. H+ = proton, PQ = plastoquinone, Cyt b6f
= cytochrome b6f, PC = plastocyanin, PSI = photosystem I, P700 = specialized
chlorophyll in PSI, Fd = ferredoxin, NADP+/NADPH = nicotinamide adenine
dinucleotide phosphate, ADP = adenosine diphosphate, Pi = inorganic phosphate, ATP =
adenosine triphosphate. Based on information from Taiz and Zeiger (2002).

Light energy funnelled to the RC of PSII excites an electron within P680 producing
P680* (excited state of the first electron donor of PSII) (Johnson, 2016). The energy of the
excited electron can then be dissipated in one of three ways: it can be released as heat,
emitted via fluorescence, or used in photochemistry (Taiz & Zeiger, 2002). In
photochemistry, redox reactions pass the electron down an electron transport chain to
PSI, generating P680+ (oxidized form of the first electron donor of PSII) in the process.
First, the excited electron from P680* is passed to plastoquinone (PQ) via pheophytin,
then it is passed from PQ to the cytochrome b6f complex (cyt b6f). From cyt b6f the
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electron is passed to plastocyanin (PC), and on to PSI where another photon is absorbed
to re-excite the electron (Johnson, 2016; Taiz & Zeiger, 2002). At PSI, ferredoxin (Fd)
then reduces NADP+ to NADPH. At PSII, the oxygen evolving complex oxidizes water,
producing O2 and an electron from water is passed to P680+ to generate P680 (Johnson,
2016). The oxidation of water and PQ, and the corresponding deposition of protons in the
thylakoid lumen, contribute to the establishment of a proton gradient across the thylakoid
membrane (Taiz & Zeiger, 2002). The protons then move down their concentration
gradient to the stroma via ATP-synthase, thus generating ATP from adenosine
diphosphate (ADP) (Taiz & Zeiger, 2002).

1.3.1.2

Calvin-Benson cycle

The Calvin-Benson cycle takes place in the chloroplast stroma and utilises the ATP and
NADPH generated from the light reactions to fix CO2 into carbohydrates (Johnson, 2016;
Taiz & Zeiger, 2002) (Figure 1.3). In the initial step of the Calvin-Benson cycle, ribulose
1,5-bisphosphate (RuBP) is combined with CO2 to produce two molecules of 3phosphoglycerate (PGA), and this reaction is catalysed by the enzyme ribulose-1,5bisphosphate carboxylase/oxygenase (Rubisco) (Taiz & Zeiger, 2002). The PGA is then
converted stepwise to 1,3-bisphosphoglycerate (BPG) using ATP, and glyceraldehyde-3phosphate (G3P) using NADPH (Taiz & Zeiger, 2002). Most of the produced G3P is
directed back into the Calvin-Benson cycle to regenerate RuBP using ATP, while the rest
is processed into sucrose or starch (Taiz & Zeiger, 2002)
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Figure 1.3. Schematic representation of the Calvin-Benson Cycle. In the chloroplast
stroma, Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyzes the
production of 3-phosphoglycerate (PGA) from carbon dioxide and Ribulose 1,5bisphosphate (RuBP). PGA is then converted to 1,3-bisphosphoglycerate (BPG) and
glyceraldehyde-3-phosphate (G3P) using products from the light reactions. Some G3P is
used to produce sucrose and starch and some is used to regenerate RuBP. Redrawn and
modified from Taiz and Zeiger (2002). NADP+/NADPH = nicotinamide adenine
dinucleotide phosphate, ADP = adenosine diphosphate, ATP = adenosine triphosphate, Pi
= inorganic phosphate. Based on information from Taiz and Zeiger (2002).
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1.3.1.3

Modelling photosynthesis

In the literature, photosynthesis is often reported in terms of Anet (the net rate of CO2
assimilation), which is the difference between the rate of total CO2 assimilation (i.e., the
rate of gross photosynthesis) and the rate of CO2 release in photorespiration and
respiration. Farquhar et al. (1980) proposed a biochemical model of photosynthesis that is
still commonly used today (the FvCB model). This model outlines two main processes
that underlie the responses of Anet to intercellular [CO2] (Ci): Rubisco carboxylation
capacity and RuBP regeneration capacity. Under low [CO2] Rubisco carboxylation
capacity is often limiting for photosynthesis based on the low availability of CO2 as a
substrate. However, when [CO2] increases, the ability of the Calvin-Benson cycle to
regenerate RuBP becomes limiting for Anet, as this regeneration depends on the
availability of NADPH and ATP produced by the electron transport chain. Ultimately, the
FvCB model characterises photosynthetic net CO2 uptake as the lowest rate between
these two processes, and these are the most common biochemical limitations to net
photosynthesis seen under natural conditions.
When Anet is measured as a function of Ci, producing an A/Ci curve, the aforementioned
model can be fit to the measurements and two parameters of photosynthetic capacity can
then be estimated: the maximum rate of Rubisco carboxylation (Vcmax) and the maximum
rate of electron transport (Jmax) (Farquhar et al., 1980). For an example of an A/Ci curve
using my own data see Figure 1.4.

An (μmol m-2 s-1)
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Ci (ppm)
Figure 1.4. Example A/Ci curve (net CO2 assimilation rate vs. intercellular CO2
concentration). The red line (Ac) represents the Rubisco carboxylation-limited region of
the curve and the blue line (Aj) represents the RuBP regeneration-limited region of the
curve. The black line shows the lowest rate of these two limitations across a range of
intercellular [CO2]. Black circles are data from Cucumis sativus modelled in R using the
Plantecophys package (Duursma 2015).

1.3.1.4

Effects of CO2 on photosynthesis

Short term
Rubisco is a dual function enzyme that can catalyze both the carboxylation of RuBP
using CO2, and the oxygenation of RuBP using O2 (Peterhansel et al., 2010). The
oxygenation of RuBP is the first step in the process of photorespiration. In contrast to
photosynthesis, photorespiration produces one PGA molecule and one molecule of toxic
2-phosphoglycolate (PG). The generation of PGA from PG requires the utilisation of
ATP and NADPH, and releases previously fixed CO2 (Taiz & Zeiger, 2002). This has led
to the conjecture that photorespiration is ‘wasteful’ compared to the use of CO2 in
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photosynthesis. However, photorespiration also provides photoprotection and is involved
in plant nitrogen cycling (Peterhansel et al., 2010).
In response to elevated [CO2] alone, plants generally show increased Anet, which may, in
turn, increase the carbon available for growth and reproduction. This is brought about via
two main mechanisms: first, elevated [CO2] provides more substrate to Rubisco, thus
allowing increased carboxylation rates, and second, elevated [CO2] reduces the
occurrence of the oxygenation reaction of Rubisco, which decreases carbon and energy
consumed in photorespiration (Long et al., 2004). As one example of the effects of
elevated [CO2] on photosynthesis, Ainsworth and Rogers (2007) found that across a suite
of Free-Air CO2 Enrichment (FACE) studies, C3 plants displayed a 31% stimulation in
Anet compared to control plants.
Long term
Initial stimulation of Anet under higher [CO2] is not constant over time (Drake et al.,
1997). With increased photosynthesis, the carbohydrate concentration of leaves also
increases (Drake et al., 1997), and in the absence of adequate sink capacity, these
carbohydrates can accumulate (Long et al., 2004). Accumulated leaf carbohydrates can
then negatively feed back onto the expression of genes related to photosynthesis,
resulting in lower investment in Rubisco and reduced photosynthetic capacity (Long et
al., 2004). However, although photosynthesis is not continually stimulated to the same
extent under elevated [CO2], plants reared in high CO2 conditions do still tend to show
greater Anet than their low CO2 counterparts when measured at their respective growth
conditions, potentially meaning great greater availability of photosynthate to invest in
plant processes (Leakey et al., 2009).

1.3.1.5

Effects of temperature on photosynthesis

Short term
In response to elevated temperatures, Anet tends to increase up to a temperature optimum
(Topt), but declines at temperatures beyond this point (Taiz & Zeiger, 2002). Initial
increases in Anet in response to warmer temperature can be explained by accelerated
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enzymatic activity under higher temperatures (Arcus et al., 2016). Temperature effects on
the enzyme Rubisco activase may also explain photosynthetic declines above Topt.
Rubisco activase ‘primes’ Rubisco to produce PGA and has been shown to be thermally
labile at moderately high leaf temperatures (Salvucci et al., 2001). As such, under high
temperatures, Rubisco activase may not be able to maintain an adequate Rubisco
activation state (Salvucci et al., 2001). On the other hand, photosynthetic declines above
the Topt might also be explained by declines in the rate of electron transport, and thus
declines in the production of chemical energy (Yamori et al., 2008).
Temperature also affects the occurrence of photorespiration by influencing both Rubisco
specificity and the relative amounts of substrate. Under higher temperatures, Rubisco has
a higher affinity for O2, thus resulting in more oxygenation reactions (Jordan & Ogren,
1984; Ku & Edwards, 1977a). At the same time, elevated temperatures result in a greater
amount of O2 in the chloroplast than CO2 due to the solubility of O2 decreasing more
slowly with temperature than the solubility of CO2 (Ku & Edwards, 1977b). By
stimulating photorespiration, high temperatures negatively affect plant carbon balance.
Long term
Plants acclimate their photosynthetic processes to changes in growth temperature, with
greater Vcmax and shifts to a higher Topt when plants are grown under higher temperature
conditions allowing plants to maintain their performance (reviewed by Dusenge et al.,
2019). However, the degree of photosynthetic acclimation varies across species and
environmental conditions.

1.3.1.6

Interactive effects of CO2 and temperature on photosynthesis

Stomatal conductance (gs) also influences the ability of plants to photosynthesize and
both [CO2] and temperature affect stomatal function (summarised in Taiz & Zeiger,
2002). In general, plants experience trade-offs between maintaining photosynthetic rates
by opening their stomata and limiting water loss by stomatal closure (Medlyn et al.,
2001). Stomatal conductance responds to vapour pressure deficit (VPD) (the difference
between the maximum moisture holding capacity of the air and the current moisture in
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the air), which tends to increase with temperature (Taiz & Zeiger, 2002). When VPD is
high, plants may experience increased water loss via transpiration (Taiz & Zeiger, 2002).
However, when under elevated [CO2], plants are able to take up the carbon necessary for
photosynthesis while maintaining lower stomatal conductance, and therefore can limit
transpirational water losses (Taiz & Zeiger, 2002). This may improve plant responses to
drought conditions. As one example of the effects of elevated [CO2] on stomatal
conductance, Ainsworth and Rogers (2007) found that C3 plants exhibited 22% lower
stomatal conductance at high [CO2] than at current [CO2] across a set of FACE studies.
Conversely, at the same time as reduced water loss, low stomatal conductance limits the
ability of plants to take up CO2 (Franks & Farquhar, 1999). This limitation on CO2
uptake may offset some of the photosynthetic gains obtained from increased
carboxylation discussed previously and may reduce the photosynthate available for
investment in plant tissues, such as flowers (Franks & Farquhar, 1999). Moreover,
reduced stomatal conductance may lead to increased leaf temperatures, which then
stimulates photorespiration (Kimball & Bernacchi, 2006).
As mentioned previously, photorespiration is affected by both [CO2] and temperature.
More specifically, higher [CO2] reduces the occurrence of photorespiration by favouring
Rubisco carboxylation, while higher temperatures favour the oxygenase function of
Rubisco (Taiz & Zeiger, 2002). In future conditions of higher [CO2] and temperature,
elevated [CO2] is expected to repress photorespiration, counteracting temperatureinduced stimulations of photorespiration (Jordan & Ogren, 1984; Long, 1991). In fact,
studies show that elevated [CO2] stimulates photosynthesis more when temperatures are
high (Long, 1991). Elevated [CO2] also shifts the thermal optimum of photosynthesis to
higher temperatures by reducing the occurrence of photorespiration (Sage & Kubien,
2007; Way et al., 2015). This might mean that with elevated [CO2], plants could
experience greater photosynthetic gains under temperature conditions that would be
detrimental if [CO2] were at ambient levels (Way et al., 2015). Thus, warmed plants
might have comparatively more photosynthate to invest in growth and reproduction when
grown at elevated [CO2].
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1.3.2

Cellular respiration

Aerobic respiration is the process by which the stored chemical energy of a substrate
(usually glucose) is released in the form of ATP (Taiz & Zeiger, 2002). The energy
released by respiration is essential for plant growth and maintenance, and CO2 is released
as a by-product (Taiz & Zeiger, 2002). Respiration consists of three main processes:
glycolysis (in the cytosol), the tri-carboxylic acid (TCA) cycle (in the mitochondrial
matrix) (Figure 1.5), and oxidative phosphorylation (in the inner mitochondrial
membrane) (Figure 1.6) (Taiz & Zeiger, 2002).
Glycolysis functions to convert glucose into pyruvate, producing ATP and nicotinamide
adenine dinucleotide (NADH) in the process (Taiz & Zeiger, 2002). Pyruvate is then
converted into Acetyl coenzyme A (Acetyl-CoA) to be used in the TCA cycle, and
through this conversion NADH and CO2 are produced (Taiz & Zeiger, 2002). In the TCA
cycle, Acetyl-CoA is combined with oxaloacetate to produce citrate and, through several
other steps, oxaloacetate is eventually regenerated so the cycle can repeat (Taiz & Zeiger,
2002). Throughout this stepwise series, CO2, NADH, flavin adenine dinucleotide
(FADH2), and some ATP are released (Taiz & Zeiger, 2002). Finally, to produce greater
amounts of ATP to power cellular processes, the reducing power generated through
glycolysis and the TCA cycle is used in oxidative phosphorylation (Taiz & Zeiger, 2002).
Oxidative phosphorylation takes place in the inner mitochondrial membrane, and the
chemical energy from glycolysis and the TCA cycle is used to produce ATP via an
electron transport chain (Taiz & Zeiger, 2002). The components of the electron transport
chain, in order, are NADH dehydrogenase, succinate dehydrogenase, cytochrome b61,
cytochrome oxidase, and ATP synthase (Taiz & Zeiger, 2002).
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Figure 1.5. Schematic representation of glycolysis and the tricarboxylic acid (TCA)
cycle. Glycolysis converts glucose to pyruvate. Pyruvate then is converted into Acetyl
CoA, which is used in the TCA cycle to generate reducing power in the form of NADH
and FADH2 (highlighted in yellow). Acetyl CoA = Acetyl Coenzyme A, NAD+/NADH =
nicotinamide adenine dinucleotide, FAD/FADH2 = flavin adenine dinucleotide, ADP =
adenosine diphosphate, Pi = inorganic phosphate, ATP = adenosine triphosphate. Based
on information from Taiz and Zeiger (2002).
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Figure 1.6. Schematic representation of oxidative phosphorylation. Reducing power
from glycolysis and the tricarboxylic acid cycle is used in oxidative phosphorylation to
support production of adenosine triphosphate (ATP) by ATP synthase by moving an
electron down an electron transport chain and generating a proton gradient across the
inner mitochondrial membrane. H+ = proton, NAD+/NADH = nicotinamide adenine
dinucleotide, UQ = ubiquinone, FAD/FADH2 = flavin adenine dinucleotide, Cyt c =
cytochrome c, ADP = adenosine diphosphate, Pi = inorganic phosphate, ATP = adenosine
triphosphate. Based on information from Taiz and Zeiger (2002).

1.3.2.1

Effects of CO2 on respiration

Short term
In general, elevated [CO2] has little effect on dark respiration (RD) in the short term (i.e.,
seconds to hours) (Amthor, 2000).
Long term
In contrast to short-term effects on respiration, over the long term, the effects of [CO2]
are variable (reviewed by Way et al., 2015). Several studies show increased RD when
plants were grown at higher [CO2] (Davey et al., 2004; Markelz et al., 2014; Shapiro et
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al., 2004), potentially mediated by increased leaf carbohydrate content (substrate for
respiration), or greater numbers of mitochondria (Griffin et al., 2001). However, several
studies have also shown no change in rates of respiration in response to high [CO2]
(Ayub et al., 2011, 2014; Crous et al., 2012), and some show reduced respiration rates
(Gifford et al., 1985), possibly linked to lower leaf nitrogen concentrations, and thus
lower metabolic rates (Ainsworth & Long, 2005).

1.3.2.2

Effects of temperature on respiration

Short term
Temperature has a greater effect on respiration than does [CO2]. In the short-term, higher
temperatures increase respiration rates by stimulating enzyme function. Thus, plants may
be expected to burn through their carbon supplies more quickly in warmed conditions,
with less available for plant processes, such as growth and reproduction. However, these
temperature-driven exponential increases in respiration occur up to a temperature
optimum of ~50 °C (reviewed by Way et al., 2015).
Long term
Over longer periods of time, plants acclimate their respiratory processes to increased
temperatures. This may be due to reductions in the temperature sensitivity of respiration
(i.e., Q10, the change in the rate of respiration for a 10 °C increase in temperature), or
reduced respiration rates at low temperatures (Atkin & Tjoelker, 2003; Dusenge et al.,
2019). Acclimation often helps maintain homeostasis, whereby plants grown under
different thermal conditions have the same respiration rate at their respective growth
temperatures (Slot & Kitajima, 2015), thus improving the plant carbon balance in a
warmer environment. So far, the mechanisms underlying respiratory acclimation to
temperature are unclear (Dusenge et al., 2019).

1.3.2.3

Interactive effects of CO2 and temperature on respiration

Temperature effects tend to dictate respiratory changes when plants are grown at both
elevated [CO2] and temperature (Dusenge et al., 2019). For instance, Tjoelker et al.
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(1999) found that trees grown under elevated [CO2] and temperature had few [CO2]mediated effects on respiration, while higher temperature treatments tended to decrease
respiration rates (i.e., induce acclimation).

1.3.3

Development and biomass production

Plant carbon balance, the initiation of plant organs, and the expansion of plant organs are
the main factors influencing plant biomass production and allocation to different tissues
(Morison & Lawlor, 1999). More available carbon associated with an increasingly
positive plant carbon balance allows increased production of ATP, which can be used in
plant growth and development and can stimulate plant growth rates or biomass
production, as well as providing greater C availability for building material (Morison &
Lawlor, 1999). In addition, the rate of organ initiation influences the number of organs
that are produced, while the rate and duration of organ expansion influence the final size
of plant organs (Morison & Lawlor, 1999).

1.3.3.1

Effects of CO2 on development and biomass production

A common outcome from increased photosynthetic rates at elevated [CO2] is greater
biomass production, or the so-called ‘CO2 fertilisation effect’. So far, there is evidence of
enhanced biomass production under elevated [CO2] in both wild plants and crop species.
With elevated [CO2], wheat aboveground biomass increased 25% (Broberg et al., 2019),
rice biomass increased 21% (Ainsworth, 2008), and soybean shoot biomass increased
25% (Kimball, 2016). Similarly, biomass in natural systems has increased with higher
[CO2] as well. Elevated [CO2] enhanced grassland biomass production by 30% when
nutrients and water were not limiting (Reich et al., 2014) and aboveground biomass of
trees at the Duke FACE site increased 21-27% when exposed to elevated [CO2] from
1996 to 2010 (Kim et al., 2020).
Elevated [CO2] has also been shown to affect individual plant organs. Leaves under high
[CO2] tend to be larger, which can be attributed to greater cell production or cell
expansion (Gray & Brady, 2016). Elevated [CO2] may also increase total leaf area via the
total number of leaves, individual leaf size, or the duration of leaf expansion (Morison &
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Lawlor, 1999). For roots, elevated [CO2] tends to increase biomass production, which
may be attributed to longer, or more branched roots (Gray & Brady, 2016). Elevated
[CO2] may also affect the rate of organ expansion in plants, with higher [CO2] generally
increasing expansion rates (Morison & Lawlor, 1999). As one example, Populus spp.
grown under elevated [CO2] had faster leaf expansion rates than their counterparts grown
under ambient [CO2] (Taylor et al., 2001). Additionally, in Arabidopsis, elevated [CO2]
resulted in greater root expansion rates (Crookshanks et al., 1998).

1.3.3.2

Effects of temperature on development and biomass production

While responses of overall biomass to [CO2] are relatively well-established and
consistent, the effect of temperature increases on biomass production varies with both
geographic location and species (Gray & Brady, 2016). As discussed previously, in the
short-term, high temperatures will likely reduce stomatal conductance, prevent the
maintenance of Rubisco in an active state, favour photorespiration, and stimulate
respiration via greater enzymatic rates, thus decreasing a plant’s carbon balance (Arcus et
al., 2016; Salvucci et al., 2001; Taiz & Zeiger, 2002). In addition, accelerated initiation
and expansion of organs, but a shorter duration of development in response to higher
temperatures, can decrease biomass production (Morison & Lawlor, 1999). This is
attributed to shorter development times leading to less biomass accumulation time for
plants (Hatfield & Prueger, 2015; Morison & Lawlor, 1999). Some general effects are
also observed for particular plant organs. For leaves, higher temperatures tend to increase
rates of production in terms of both initiation and expansion (Gray & Brady, 2016).
Similarly, in roots, higher temperatures accelerate rates of growth (up to a point) and can
also influence root architecture (Gray & Brady, 2016). For instance, Nagel et al. (2009)
found that when plants were exposed to a gradient of soil temperatures along their root
depth, they tended to produce more roots at depths near their temperature optima.
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1.3.3.3

Interactive effects of CO2 and temperature on development and
biomass production

Temperature and [CO2] effects on biomass production may ‘balance each other out’ in
some cases (Way et al., 2015). This is because some aspects of plant carbon fluxes
respond more strongly to [CO2], while others respond more strongly to temperature,
potentially leading to similar carbon fluxes in plants grown under varied temperatures
and CO2 concentrations (Way et al., 2015). For example, Benlloch-Gonzalez et al. (2014)
found that higher [CO2] increased the aboveground and belowground growth of wheat,
but under both higher temperatures and [CO2] these benefits were reduced. Similarly,
Oryza sativa grown under 664 µmol mol-1 [CO2] produced greater biomass than plants
under ambient [CO2], but this effect was weakened under elevated temperatures (Ziska et
al., 1996). In terms of development, there are not yet clear interactions between [CO2]
and temperature on either the initiation or expansion of organs in plants (Morison &
Lawlor, 1999).

1.3.4
1.3.4.1

Floral traits
Onset of flowering

Many species have shown altered phenologies in response to climate change. In plants,
increased [CO2] can accelerate phenological events such as flowering time and bud
break, while delaying other events, such as senescence (Piao et al., 2019). For flowering
time, Springer and Ward (2007) conducted a meta-analysis on crop responses to elevated
[CO2] and found that almost half of the studies recorded evidence of accelerated
flowering time when [CO2] was increased. However, when flowering time was evaluated
in more naturally representative FACE experiments, there were few effects of [CO2] on
floral phenology (Springer & Ward, 2007), and another study actually found flowering
delays in grasses in response to elevated [CO2] (Cleland et al., 2006).
Similar to the effects of elevated [CO2], increased temperature and resultant changes in
spring snowmelt time have accelerated the onset of flowering in many species. Primack
et al., (2004) found that flowering times noted on herbarium specimens from 1980-2002
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were 8 days earlier compared to 1900-1920 records. Fitter and Fitter (2002) found that
flowering time across 385 British plants was around 5 days earlier from 1990-2000 than
the previous 40 years, and Miller-Rushing and Primack (2008) combined historical and
more current observations of flowering time, and found that the average date of flowering
was 7 days earlier from 2004-2006 than it was in 1852-1858.
Interacting species (i.e., those in symbioses) may respond differently to environmental
cues in either the direction or extent of their phenological response (Fitter & Fitter, 2002).
For instance, insect pollinators and plants may both advance their emergence times in
response to warming, but insect pollinators tend to advance their phenologies to a greater
extent than plants (Parmesan, 2007). Variation in the phenological responses of
interacting species can lead to temporal mismatches in the symbiosis, potentially
disrupting some species’ interactions entirely (Gérard et al., 2020). For instance, in a
meta-analysis, Parmesan (2007) found that butterfly emergence advanced three times
more than the start of flowering for plants in the Northern Hemisphere. Gordo & Sanz
(2005) found that insects and plants in a Mediterranean ecosystem had different degrees
of phenological change over approximately 50 years, with insects advancing their
phenologies more. Likewise, Burkle et al. (2013) found that forbs in Illinois bloomed 9.5
days sooner over 120 years, while bees displayed an 11 day acceleration in their peak
activity. On the other hand, some studies have found greater phenological shifts for
plants. For instance, Kehrberger and Holzschuh (2019) showed that the endangered plant
Pulsatilla vulgaris was more responsive to warming than two co-occurring bee species,
and Kudo and Cooper (2019) found that 19 years of warming led Corydalis ambigua to
flower up to one week before bumblebee emergence. Furthermore, in contrast to evidence
supporting temporal mismatches, a meta-analysis by Bartomeus et al. (2011) found no
distinguishable differences in plant and pollinator phenologies using reports spanning 130
years.

1.3.4.2

Flower abundance

In response to high [CO2] conditions, flower abundance often increases. Gerbera
jamesonii grown under high [CO2] produced significantly more flowers than plants at 400
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µmol mol-1 [CO2] (Xu et al., 2014), as did Vicia faba (Osborne et al., 1997), Parthenium
hysterophorus (Bajwa et al., 2019), and Solanum lycopersicum (Pazzagli et al., 2016). On
the other hand, in a different study Solanum lycopersicum had no flowering response to
high [CO2], and when Capiscum annuum plants were grown under elevated [CO2], they
produced fewer flowers (Lopez-Cubillos & Hughes, 2016).
Similar to the effects of elevated [CO2], several studies have found that plants increase
the number of flowers they produce under warming. Zheng et al. (2002) found that
Glycine max grown under higher nighttime temperatures had increased flower
production, and Descamps et al. (2020) found the same result in Echium plantagineum.
Similarly, in two different tropical forests, Pau et al. (2013) showed that years with
higher temperatures resulted in greater flower production, and when Betula ermanii
saplings were grown under higher aboveground temperatures the number of male flowers
per shoot increased (Nakamura et al., 2016). However, there is variation in these results
and when warming is more extreme, or applied in shorter bursts, it may lead to flower
abortion. For instance, Arachis hypogaea exposed to short bouts of daytime heat stress
produced fewer flowers than plants at ambient temperatures (Vara Prasad et al., 2000),
and Tanacetum cinerariifolium exposed to high temperature bursts exhibited reduced
flower production compared to un-warmed plants (Suraweera et al., 2020).
Furthermore, Warner & Erwin (2005) found that five different herbaceous species
produced fewer buds per plant under higher temperatures, and Descamps et al. (2018)
found decreased flower production for Borago officinalis when growth temperatures
increased.
There are few studies focusing on flower production in response to both elevated [CO2]
and temperature, and the results from these studies are inconsistent. Palacios et al. (2019)
found that Glycine max flower production increased when both [CO2] and temperature
were elevated (800 µmol mol-1 CO2 and 4 °C of warming). However, Hoover et al. (2012)
found that elevated [CO2] slightly reduced the positive effects of higher temperature on
flower production in Cucurbita maxima (700 ppm CO2 and 4 °C of warming). Moreover,
Balasooriya et al. (2018) found that the stimulatory effects of high [CO2] dominated the
effects on flower production when Fragaria × ananassa plants were grown under
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different combinations of [CO2] and temperature (400, 650 or 900 µmol mol-1 CO2 and
25 or 30 °C of warming).

1.3.4.3

Flower size

Flower size generally increases in response to elevated [CO2]. As one example, Brassica
napus grown under high [CO2] (740 µmol mol-1 CO2) produced flowers with larger petals
compared to control plants (Qaderi & Reid, 2005). Additionally, compared to plants
grown under current CO2 levels, Gerbera jamesonii produced larger flowers under 800
µmol mol-1 CO2 (Xu et al., 2014), a Rosa hybrid grown under 1500-3000 ppm CO2
produced larger buds (Biran et al., 1973), Heterotheca villosa produced flowers with
greater petal area under 800 ppm CO2 (Glenny et al., 2018), and Betula papyrifera had
increased catkin size under 560 ppm CO2 (Darbah et al., 2007).
In contrast to CO2 effects, increased temperature tends to decrease flower size. One study
found that higher growth temperatures reduced the flower size of roses (Shin et al.,
2001). Similarly, Viola x wittrockiana plants produced smaller flowers as temperatures
increased (Pearson et al., 2015), as did Aster spp. (Oren-Shamir et al., 2000), Borago
officinalis (Descamps et al., 2018), Echium plantagineum, Echium vulgare (Descamps et
al., 2020), Calendula officinalis, Impatiens wallerana, Mimulua x hybridus, Torenia
fournieri (Warner & Erwin, 2005), and Chrysanthemum morifolium (Carvalho et al.,
2005). However, the flower size response of C. morifolium varied with the phase at
which treatment was applied, with earlier phases showing more negative temperature
effects on floral size (Carvalho et al., 2005).
When both high temperatures and [CO2] are applied, the effects of temperature seem to
dominate, and flowers are usually smaller. Hoover et al. (2012) found that Cucurbita
maxima plants produced smaller flowers when grown at higher temperatures and elevated
[CO2]. Similarly, Campanula carpatica flowers were smaller with increasing growth
temperature regardless of [CO2] (Niu et al., 2001).

27

1.3.4.4

Rewards

Under elevated [CO2], pollen quantity has been found to increase. For example, three
studies conducted on Ambrosia artemisiifolia found increased pollen production under
high [CO2] (Kelish et al., 2014; Wayne et al., 2002; Ziska & Caulfield, 2000) and stands
of Pinus taeda exposed to free-air CO2 enrichment displayed similar increases in pollen
at elevated [CO2] (Ladeau & Clark, 2006). Additionally, Phleum pretense grown at high
[CO2] produced more pollen per flower (Albertine et al., 2014).
Similar to pollen production, nectar quantity shows fairly consistent increases under
elevated [CO2]. In high [CO2] conditions, increased nectar quantity was found in
Tropaeolum majus (Lake & Hughes, 1999), Epilobium angustifolium (Erhardt et al.,
2005), Capsicum chinense (Garruña-Hernandez et al., 2012), and Cucumis melo (Dag &
Eisikowitch, 2000) compared to those grown at ambient [CO2]. However, Vicia faba
exposed to high [CO2] showed no significant differences in nectar production compared
to control-grown plants (Osborne et al., 1997), and Trifolium pratense and Lotus
corniculatus exhibited little effect on nectar production as well (Rusterholz & Erhardt,
1998), suggesting that leguminous species may not respond as strongly to elevated [CO2].
In addition, Scabiosa columbaria, and Centaurea jacea produced significantly less nectar
per flower under [CO2] (Rusterholz & Erhardt, 1998).
In response to elevated temperature, there is some evidence that pollen production
decreases. For example, in Arachis hypogaea plants grown under elevated temperatures
pollen production decreased compared to control treatments (Vara Prasad et al., 1999).
Pollen production also decreased in Lycopersicon esculentum (El Ahmadi & Stevens,
1979), Cicer arietinum (Devasirvatham et al., 2012), and Oryza sativa (Prasad et al.,
2006) under high temperature. On the other hand, Helianthus annuus displayed a
unimodal response of pollen production per flower to growth temperature (Astiz &
Hernández, 2013). Pollen development requires carbohydrate investment and there is
some indication that decreased pollen production under high temperatures is related to a
reduced ability of the anthers to utilise carbohydrates under temperature stress (Pressman
et al., 2002).
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The effects of temperature on nectar quantity have been proposed to follow a unimodal
relationship (Petanidou & Smets, 1996). Consistent with this, when temperature increases
were moderate, nectar production was stimulated in Teucrium divaricatum, and Ballota
acetabulosa, but at higher temperatures, nectar production declined (Takkis et al., 2015).
Similar results were seen in other studies (Jakobsen & Kritjánsson, 1994; Petanidou &
Smets, 1996; Takkis et al., 2018). However, some studies have found different results.
Garruña-Hernandez et al. (2012) found no significant temperature effect on nectar
production in Capsicum chinense, nor did Descamps et al. (2020) in Echium vulgare.
Furthermore, other studies found declines in nectar production with warming (Descamps
et al., 2018; 2020; Mu et al., 2015). Nectar volume may decline under extreme
temperatures due to increased transpiration and evaporation.
Few studies have examined the effects of both elevated [CO2] and temperature on nectar
and pollen, although both climate change factors change concurrently in nature. For
pollen, one group explored the effects of UV-B radiation, [CO2], and temperature on
Glycine max, and found that elevated [CO2] (720 µmol mol-1) increased pollen
production. However, when temperature was increased with elevated [CO2], pollen
production was similar to control plants from ambient [CO2] and temperatures (Koti et
al., 2005). Similarly, elevated [CO2] did not significantly affect the number of pollen
grains per anther under either ambient or elevated temperature regimes (28/22 °C or
32/26 °C day/night) for Capsicum annuum plants (Aloni et al., 2001). On the other hand,
for Sorghum bicolor plants, high temperatures decreased pollen production under both
current and future [CO2] levels (Vara Prasad et al., 2006), and pollen production was also
reduced for Phaseolus vulgaris with no significant effect of growth [CO2] (Vara Prasad et
al., 2002).
For nectar volume, I am aware of only one study that has looked at the combined effects
of [CO2] and temperature. Hoover et al. (2012) found that high [CO2] decreased nectar
produced per flower, while higher temperatures increased nectar production; there were
no significant interactions observed between [CO2] and temperature.
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1.4 Study species
1.4.1

Overview

Cucumis sativus, or cucumber, was used in this experiment because of its reliance on
pollination, its high nectar and pollen production, its geographical distribution within the
study region, and its economic importance. Cucumis sativus is an herbaceous annual in
the family Cucurbitaceae. Plants grow as a branched, hairy vine and produce numerous
small, yellow flowers (Pessarakli, 2016). Male flowers produce pollen, while both male
and female flowers produce nectar. From their flowers, cucumber plants produce long,
cylindrical fruits that are typically harvested when immature and then eaten.

1.4.2

Importance

Cucumbers originated in Nepal, but have been cultivated for thousands of years and can
now be found across the majority of the world, excluding Antarctica, Greenland, and
parts of South America and Africa (FAOSTAT, 2016). Estimates for global annual
production are around 29 million tonnes, with China, Iran, and Turkey listed as the top
producers (FAOSTAT, 2016).
In 2017, Canada produced 206,227 metric tonnes of cucumbers via greenhouse
production, and the estimated farm gate value was $396 million CAD (AAFC, 2019). In
the same year, cucumber production from field grown varieties was another 61,064
metric tonnes, with a value of approximately $35 million CAD (AAFC, 2019). The
majority of cucumber production in Canada takes place in Ontario (AAFC, 2019).

1.4.3

Biology

Cucumis sativus is a warm-adapted species and thrives at day temperatures between 20 –
25 °C (Backlund, 2009), and night temperatures between 18 – 21 °C (Pessarakli, 2016).
Cucumbers are historically monoecious, having separate male and female flowers on the
same plant (Pessarakli, 2016). Male flowers generally develop before female flowers and
in greater numbers to ensure that the pollen supply is adequate and available when female
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flowers emerge (Pessarakli, 2016). The ratio of male to female flowers is typically
around 10:1 and male flowers can be distinguished from females by their lack of an ovary
(Figure 1.7) (McCormack, 2005). In general, flowers last for about one day (Barber et al.,
2011) and male flowers produce less nectar than their female counterparts. One study
found that average nectar production for male flowers was 0.69 mg, while females
produced 1.29 mg nectar (Nemirovich-Danchenko, 1964), and another found that males
produced between 0.9 - 1.6 mg while females produced between 1.1 - 2.4 mg of nectar
(Kaziev & Seidova, 1965).
Monoecious varieties are beneficial for their prolonged production over the growing
season, and several monoecious varieties are still cultivated today, such as Marketmore
76, and Straight 8 (Badgery-Parker et al., 2019). However, new gynoecious cucumber
varieties are often favoured today due to their increased fruit production (Badgery-Parker
et al., 2019). This is because gynoecious cucumber plants produce all female flowers and
can yield many fruits in a short period of time (Badgery-Parker et al., 2019). Other
available cultivars include parthenocarpic, or seedless, gynoecious varieties, which can
have decreased fruit quality if pollinated (Pessarakli, 2016).

Figure 1.7. Male and female C. sativus flowers. Female flowers (right) can be
distinguished from male flowers (left) by their inferior ovary (red arrow).
Despite increased popularity of gynoecious varieties, monoecious varieties are still
essential as pollen sources for gynoecious plants (Badgery-Parker et al., 2019). In fact,
Klein et al. (2007) listed the benefit of animal pollination to C. sativus as ‘great,’
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indicating a 40 – < 90% reduction in cucumber value without animal pollination. In
addition, Stanghellini et al., (1997) found that when pollinators were excluded the
abortion of cucumber fruits was as much as 100%. Bees, and honey bees in particular, are
the most common pollinators for cucumbers, and honey bee hives are recommended in
field at approximately 1 – 2 hives per acre to ensure adequate pollination (McCormack,
2005). While honey bees typically visit cucumbers to obtain nectar, pollen is also
collected as a food source, and both pollen and nectar from cucumbers are listed as
attractive to bees (USDA, 2017).

1.5 Objectives
Objective 1: Determine if high [CO2] and/or temperature induces changes in carbon
fluxes or biomass.
Predictions:
1. High [CO2] will increase plant biomass and Anet.
2. Moderate warming will reduce plant biomass, increase Anet and stimulate RD,
while extreme warming will reduce plant biomass, suppress Anet and stimulate
RD.
3. When combined, high [CO2] and moderate warming will increase plant biomass
and improve leaf carbon balance, but high [CO2] and extreme warming will
produce no change in biomass or leaf carbon fluxes compared to control plants.
Objective 2: Test the effects of elevated [CO2] and/or temperature on floral traits that are
important to plant-pollinator interactions at multiple time points.
Predictions:
1. High [CO2] will promote greater floral trait values, such as flower size, flower
number, and reward quantity.
2. High growth temperatures, particularly the highest temperature treatment, will
negatively affect floral trait values, such as reward quantity, and flower size.
3. Floral trait responses to combined high [CO2] and temperature will be additive.
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Objective 3: Investigate if floral trait changes are related to changes in carbon fluxes and
biomass.
Predictions:
1. A greater ratio of Anet:RD will result in increased available resources for
investment in floral traits.
2. A reduced ratio of Anet:RD will result in fewer available resources for investment
in floral traits.
3. Plants will experience trade-offs between aspects of floral traits (e.g., flower
number and size).
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2

Materials and Methods

2.1 Plant material and growth conditions
On May 24th, 2019, 78 10-cm diameter pots (0.5 L) were filled with general purpose ProMix HP growth medium with mycorrhizae (Premier Tech Home and Garden, Rivière-duLoup, Quebec, Canada). Prior to potting, Miracle-Gro Shake-N-Feed general purpose
slow release fertiliser (12-4-8) was mixed with the growth medium according to
manufacturer’s instructions (The Scotts Miracle Gro Company, Marysville, Ohio, USA).
After pots were filled, three seeds of C. sativus (Spacemaster trailing variety) were
planted equidistant from one another in each pot (McKenzie Seeds, Brandon, Manitoba,
Canada).
After seeding, pots were haphazardly assigned to one of six experimental glasshouses at
the University of Western Ontario’s Biotron Centre for Experimental Climate Change
Research so that each glasshouse contained 13 pots. Glasshouses were subject to natural
variation in light intensity and photoperiod, while air temperature, CO2 concentration,
and relative humidity were controlled and measured every minute.
The treatments in each glasshouse consisted of either current, ambient [CO2] (400 ppm,
AC), or elevated [CO2] (750 ppm, EC), and temperatures of either an ambient regime
(0T), 0T+4 °C (4T), or 0T+8 °C (8T). Treatments were applied in a full-factorial design,
resulting in six climatic regimes: AC0T, AC4T, AC8T, EC0T, EC4T, and EC8T. For
CO2, the EC regime was based on the IPCC’s ‘business as usual’ projections for
atmospheric [CO2] in 2100 (IPCC, 2014). For temperature, the 0T regime was based on a
5-year average (2013-2018) of hourly temperatures taken at the London airport
meteorological station (ECCC, 2019), and the 4T and 8T treatments were based on
predicted warming for 2100 under ‘stabilising’ and ‘business as usual’ emission
scenarios, respectively (IPCC, 2014).
Across the 14 weeks of the experiment, the mean [CO2] in the AC treatment was 404.52
± 7.11 ppm (values are means ±SD) and the median value was 403.33 ppm. For the EC
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treatment, the mean [CO2] was 746.48 ± 1.77 ppm and the median value was 746.33 ppm
over the experiment. In the temperature treatments, the mean difference from 0T to 4T
was 4.12 ± 0.56 °C and the median temperature difference was 3.88 °C. Additionally,
from 4T to 8T, the mean difference in temperature was 4.21 ± 0.53 °C, and the median
difference was 4.01 °C.
Each day soil moisture was checked in three haphazardly selected pots per treatment
using a Delta-T HH2 soil moisture meter, and ML2x probe (Delta-T Devices, Burwell,
Cambridgeshire, UK). All pots were watered as needed to maintain soil volumetric water
content between 25-30%. When plants had developed two true leaves (TL), they were
transplanted to 30 cm diameter (11.35 L) pots containing the same growth medium and
slow release fertiliser.
One week after transplanting seedlings to the larger pots, they were thinned to one plant
per pot. When plants began to flower, 1 L of Growmore 20-20-20 fertiliser was applied
per plant at a rate of 1.8 g/L each week (Grow More Inc, Gardena, California, USA).
Higher temperatures can accelerate the development of plants. Therefore, in order to
prevent the effects of developmental stage from confounding the effects of [CO2] and
temperature on the measured parameters, I measured variables within specific
developmental windows from 15-20 true leaves (15-20TL), and 25-30 true leaves (2530TL), where applicable. True leaf stage was assessed by counting the number of mature,
fully expanded leaves. Measuring variables within two developmental windows also
allowed me to determine how climate change may alter floral metrics at different stages,
since at 15-20TL plants had just begun to flower, and at 25-30TL plants were well into
their flowering period.

2.2 Floral metrics
Plants were monitored daily for signs of flowering. Each day following the start of
flowering, true leaf stage and the number of newly opened male and female flowers on
each plant was recorded until the experimental end date, August 26th. To determine mean
daily display size for 15-20TL and 25-30TL stages, the number of open flowers per day
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(male and female summed) was averaged for each plant in each treatment, but separately
for the two developmental windows. To determine mean lifetime flower production, all
measures of male and female flower production were summed for each plant in each
treatment. Flower production was then averaged within each treatment.
Between 15-20TL and 25-30TL, the length and width of three male flowers and one
female flower were measured on each plant (Figure 2.1), with the sampling reflecting the
higher male to female ratio of flower production in monoecious cucumber varieties. The
geometric mean of these two measurements was used to estimate overall flower size
while accounting for variations in flower shape (Williams & Conner, 2001).

Figure 2.1. Measurements of floral size for C. sativus flowers. Measurements were
made as indicated by the red lines.

2.3 Nectar
2.3.1

Nectar collection

At both the 15-20 and the 25-30TL stage, the nectar from three male flowers and one
female flower per plant was harvested using 5 μL microcapillary tubes, again reflecting
the greater production of male flowers. Nectar was collected between 12:00 and 15:00
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each day to minimise the effect of diurnal variation in nectar production (Nicolson et al.,
2007). For each flower, I used as many microcapillary tubes as needed until no more
nectar was taken up.

2.3.2

Nectar quantity

Directly after harvesting, the volume of nectar in each microcapillary tube was calculated
by measuring the length of the nectar column with calipers. Where multiple
microcapillary tubes were used to harvest nectar from an individual flower, the nectar
column values from the same flower were summed. Nectar volume in μL was calculated
by using equation [1]:
!"#$%& ()*+," (µL) =

!"#$%#&'"((&$) +%(,!- (/01)
!"#$%#&'"((&$) 3,4- (-5637 (!!)

∗ *"!3$ℎ )5 !"#$%& #)*+,! (,,)

[1]

Nectar production was also scaled up to the whole plant level according to equation [2].
This was done for each plant in each treatment and ‘mean nectar’ in equation [2]
represents nectar per flower averaged across the two developmental stages.
!"#$%&
'(%!$

= [# %&'( )'*+(,- ∗

)"%! )%(" !"#$%&
+(,-"&

5-#3&$
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[2]

2.4 Pollen
2.4.1

Pollen collection

Stamens were harvested from three male flowers per plant between 15-20TL, and again
between 25-30TL. Stamens from each flower were stored in separate glass vials at -6 °C
until mounting.

2.4.2

Pollen quantity

To visualise pollen grains for counting, basic fuchsin jelly was prepared and stamens
were semi-permanently mounted in the jelly according to Kearns & Inouye (1993).
Pollen grains on prepared slides were counted using a modified protocol based on Costa
& Yang (2009). Where resolution between grains was good, ImageJ was used to
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automate counts using the ‘Analyze Particles’ function and the parameters ‘pixel 20-800’
and ‘circularity 0.5-1’ (Rasband, 2020). Where grains were closer together, counts were
supplemented by hand using a Leica S4E stereo microscope and a hand clicker. ImageJ
counts and hand counts were added together for each set of stamens. The number of
pollen grains per plant was determined using equation [3].
',(("!
'(%!$

= [# %&'( )'*+(,- ∗

)"%! !.)/"& ,+ ',(("! 0&%1!2
+(,-"&

]

[3]

2.5 Leaf gas exchange measurements
2.5.1

Light response curves

Before measuring leaf gas exchange, saturating light values for plants between 25-30TL
(plants at the same developmental stage) were determined by measuring light response
curves using a portable LI-6400XT system (Li-Cor Bioscience, Lincoln, Nebraska,
USA). Plants were exposed to 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800,
2000 μmol photons m-2 s-1 and net CO2 assimilation rate (Anet) was measured at each
value. Saturating light was determined to be 1600 μmol photons m-2 s-1.

2.5.2

Net CO2 assimilation rate and conductance

Between August 7th and 9th, gas exchange was measured on the second, fully expanded
leaf from the top of each of five plants from each treatment. Measured plants were all
between 25-30TL to minimize the effects of developmental stage on gas exchange, and
due to logistics only this developmental stage was evaluated. Gas exchange was
measured to assess how Anet varies with intercellular [CO2] (Ci), thus generating A/Ci
curves. The Anet was measured at CO2 concentrations of 50, 100, 150, 200, 250, 300, 350,
400, 600, 800, 1000, 1200, 1400, 1600, and 1800 ppm. Cuvette conditions were 1600
μmol photons m-2 s-1, 500 μmol s-1 flow, and leaf temperature was set to 23 °C, 27 °C, or
31 °C (for the 0T, 4T, and 8T treatments, respectively) to assess A/Ci curves at plant
growth temperatures. Leaf temperature settings were based on midday air temperature
values in each treatment on August 6th. Cuvette relative humidity was maintained
between 40 and 70% as needed to prevent stomatal closure.
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To assess photosynthetic performance under the different growing conditions, Anet values
at either 400 ppm or 800 ppm CO2 (for AC and EC plants, respectively) were extracted
from the CO2 response curve data.

2.5.3

Vcmax and Jmax

The A/Ci curves were fit with R version 4.0.0 and the Plantecophys package to obtain the
maximum rate of carboxylation (Vcmax) and the maximum rate of electron transport (Jmax)
for each measured plant (Duursma, 2015; Farquhar et al., 1980; R core team, 2020)

2.5.4

Dark respiration

Between August 13th and 14th, nighttime dark respiration was measured on the same
leaves used to measure Anet. Plants were left in the dark for one hour after sunset, and
then point measurements of dark respiration (RD) were recorded using an LI-6400XT
portable photosynthesis system. All measurements were taken under growth conditions:
measurement parameters were 0 μmol photons m-2 s-1, 500 μmol s-1 flow, 400 ppm or 800
ppm reference [CO2] (for AC and EC treatments, respectively), and leaf temperatures of
22 °C, 26 °C, and 30 °C in each treatment (0T, 4T, and 8T, respectively). Leaf
temperatures were based on air temperature values in each treatment one hour after
sunset on August 6th.

2.6 Biomass production and allocation
Five random plants from each treatment were selected for biomass measurements. After
other measurements were completed, the selected plants were separated into leaf, stem,
and root components, and the roots were carefully washed to remove attached soil. Leaf,
stem and root components were then dried at 60 °C and weighed.

2.7 Statistical analysis
Means, standard deviations, and standard errors were calculated using
the summarySE function in the package Rmisc (Hope, 2013). The effects
of growth temperature and [CO2] were analysed using two-way analyses of
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variance (ANOVA) with [CO2] and temperature treatment as main effects (α = 0.05) and
using type III sum of squares where sample sizes of groups were unequal. Prior
to running ANOVAs, Levene’s test was used to verify homogeneity of variance,
and the Shapiro-Wilk test was used to verify normality. Tukey’s HSD post-hoc test was
used to test for pairwise differences. All statistics were run in RStudio (version 1.2.5042)
using R version 4.0.0 and the packages car and lsmeans (Fox & Weisberg, 2020; Lenth,
2018; RStudio team, 2020; R core team, 2020).

40

3

Results

3.1 Carbon dynamics
3.1.1

Net CO2 assimilation and nighttime respiration rates

There were no significant main effects on Anet. However, the Anet in EC4T plants was
double that of AC4T plants (Table 3.1; Figure 3.1a). For nighttime dark respiration rates
there was an interaction between [CO2] and temperature, but no significant effect of
[CO2] or temperature alone (Table 3.1). The AC plants had similar RD across all the
temperature treatments, whereas EC plants had declining respiration rates with warming
(Figure 3.1b).
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Table 3.1. Summary statistics (F and p-value) of ANOVAs for floral traits, floral
rewards, plant biomass, and gas exchange parameters measured on C. sativus
plants. Plants were grown under six climatic treatments: AC0T, EC0T, AC4T, EC4T,
AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient temperature
regime, 4T = 0T+4 °C, and 8T = 0T+8 °C. Bold values are significant (a = 0.05). Anet =
net rate of CO2 assimilation, RD = dark respiration rate, gs = stomatal conductance, Vcmax
= maximum rate of Rubisco carboxylation, Jmax = maximum rate of electron transport.
CO2

Temperature

CO2×Temperature

Gas exchange

p-value

F-value

p-value

F-value

p-value

F-value

Anet

0.67

0.19

0.40

0.94

0.08

2.77

RD

0.35

0.92

0.42

0.91

<0.05

3.87

Anet:RD

0.82

0.05

0.37

1.06

0.44

0.84

gs

0.79

0.07

0.06

3.28

0.14

2.13

Vcmax

0.35

0.91

0.36

1.06

0.63

0.47

Jmax

0.77

0.09

0.55

0.62

0.35

1.09

Leaf biomass

0.15

2.23

<0.01

6.26

0.44

0.85

Stem biomass

0.77

0.09

<0.001

12.43

0.08

2.81

Root biomass

0.34

0.97

<0.05

4.71

0.36

1.07

Total biomass

<0.0001

24.54

<0.001

9.90

0.19

1.78

% allocation to leaves

0.92

0.01

0.40

0.94

0.68

0.39

% allocation to stems

0.10

2.93

0.37

1.05

0.89

0.12

% allocation to roots

0.69

0.16

0.06

3.08

0.50

0.72

Plant biomass traits
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Floral metrics
Flowering onset

<0.0001

31.13

<0.0001

109.14

<0.001

8.07

Daily display size (1520TL)

0.94

0.0060

<0.01

7.37

0.83

0.19

Daily display size (2530TL)

0.08

3.10

0.23

1.50

<0.001

10.15

Male flower production

0.27

1.25

<0.05

4.53

<0.05

3.70

Female flower
production

0.78

0.08

<0.0001

13.93

0.23

1.51

Male flower size (1520TL)

0.60

0.28

<0.0001

40.88

0.82

0.20

Male flower size (2530TL)

0.38

0.79

<0.0001

30.77

<0.01

6.31

Female flower size (1520TL)

0.23

1.46

<0.001

8.34

0.15

1.92

Female flower size (2530TL)

0.65

0.20

<0.01

6.19

0.21

1.61

Male nectar/flower (1520TL)

0.87

0.03

<0.01

6.52

0.86

0.15

Male nectar/flower (2530TL)

0.22

1.55

<0.05

4.29

0.72

0.33

Female nectar/flower
(15-20TL)

0.35

0.90

0.05

3.15

0.12

2.21

Female nectar/flower
(25-30TL)

0.56

3.79

<0.01

6.24

0.16

1.86

Nectar/plant

0.95

0.0032

<0.0001

11.59

<0.0001

15.81

Pollen/flower (15-20TL)

0.26

1.34

<0.05

5.34

0.23

1.56

Pollen/flower (25-30TL)

<0.05

4.45

<0.01

6.72

<0.05

4.67

Pollen/plant

0.61

0.26

0.42

0.90

0.45

0.81

Floral rewards
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A

B

Figure 3.1. Mean net CO2 assimilation rate (Anet) (±1 SE) (a); and mean nighttime
respiration rate (RD) (±1 SE) (b) measured on C. sativus plants between 25-30 true
leaves. Plants were grown under six different climatic treatments: AC0T, EC0T, AC4T,
EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient
temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C. Different letters above the points
indicate significant differences between the six treatments (a = 0.05, n = 4-5).
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I also compared the ratio of Anet to RD across the treatments as an index of leaf carbon
balance (Figure 3.2). Despite the treatment effects seen in RD, there were no significant

Anet:RD

differences in the ratio of Anet to RD across the treatments (Table 3.1).

Figure 3.2. Mean ratio of net CO2 assimilation rates (Anet) to nighttime respiration
rates (RD) (±1 SE) measured on C. sativus plant between 25-30 true leaves. Plants
were grown under six different climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T,
and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient temperature regime,
4T = 0T+4°C, and 8T = 0T+8°C (a = 0.05, n = 4-5).

3.1.2

Stomatal conductance

There were no significant differences in gs between plants grown in different treatments
(Table 3.1; Figure 3.3).
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Figure 3.3. Mean stomatal conductance (gs) (±1 SE) of C. sativus plants between 2530 true leaves. Plants were grown under six different climatic treatments: AC0T, EC0T,
AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient
temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C (a = 0.05, n = 4-5).

3.1.3

Vcmax and Jmax

There were no significant differences in photosynthetic capacity (Vcmax or Jmax) between
plants grown under different treatments (Table 3.1; Figure 3.4).
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Figure 3.4. Mean maximum rates of (a) Rubisco carboxylation (Vcmax) (±1 SE) and
(b) electron transport (Jmax) (±1 SE) for C. sativus plants between 25-30 true leaves.
Plants were grown under six different climatic treatments: AC0T, EC0T, AC4T, EC4T,
AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient temperature
regime, 4T = 0T+4 °C, and 8T = 0T+8 °C (a = 0.05, n = 4-5).
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3.2 Biomass production and allocation
Both temperature and [CO2] had significant effects on total biomass production, but there
was no significant interaction between the two (Table 3.1). In contrast, for each biomass
component (leaf, stem, and root), the effect of temperature was significant but there was
no effect of [CO2] and no interaction between [CO2] and temperature (Table 3.1).
In general, plants produced less biomass in the warming treatments and greater biomass
in elevated [CO2], but did not alter their percent allocation to leaf, stem, and root
components (Table 3.1). The EC treatment increased total biomass in all temperature
treatments, and plants exhibited a 14% increase in total biomass at 0T, a 41% increase at
4T, and a 69% increase at 8T compared to AC-grown plants (Figure 3.5). However,
elevated [CO2] did not affect measurements of leaf, stem or root biomass. In contrast,
warming reduced total biomass, and also reduced leaf, stem and root biomass (Figure
3.5). Interestingly, these CO2 and warming effects counterbalanced each other, so that the
total biomass (Figure 3.5) and biomass allocation patterns (Figure 3.6) of the AC0T and
EC8T plants were similar.
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Figure 3.5. Mean biomass (±1 SE) of (a) leaves, (b) stems, (c) roots, and (d) whole C.
sativus plants. Plants were grown under six different climatic treatments: AC0T, EC0T,
AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient
temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C. Different letters above the points
indicate significant differences between the six treatments (a = 0.05, n = 5).
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Figure 3.6. Mean percent biomass (±1 SE) allocated to (a) leaves, (b) stems, and (c)
roots of C. sativus plants. Plants were grown under six different climatic treatments:
AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2,
0T = ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C (a = 0.05, n = 5).
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3.3 Floral metrics
3.3.1

Flowering onset

There was a significant interaction between temperature and [CO2] on flowering onset, as
well as a significant effect of temperature and [CO2] (Table 3.1). In general, warming
reduced the time to flowering onset (Figure 3.7). The AC4T plants flowered 14% earlier
than AC0T plants, and the AC8T plants flowered 19% earlier than those from the AC0T
treatment. Similarly, EC4T plants flowered 8% earlier than EC0T plants, and EC8T
plants flowered 14% earlier than the EC0T plants (Figure 3.7). In addition, elevated
[CO2] accelerated flowering onset by 8% in the 0T treatment, though it had little effect on
flowering onset in the other temperature treatments (Figure 3.7).

Figure 3.7. Mean number of days from planting to first flowering (±1 SE) for C.
sativus plants. Plants were grown under six different climatic treatments: AC0T, EC0T,
AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient
temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C. Different letters above the points
indicate significant differences between the six treatments (a = 0.05, n = 13).
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3.3.2

Flower production

3.3.2.1

Daily display size

For plants between 15-20TL, increasing temperature reduced the daily display size
(number of open flowers on each plant per day), but there was no effect of [CO2] and no
interaction between [CO2] and temperature (Table 3.1; Figure 3.8). Display size was
similar between AC- and EC-grown plants at all temperature treatments (Figure 3.8).
Display size was also similar between 0T and 4T treatments but decreased by
approximately 50% compared to control temperatures when plants were grown at 8T
(Figure 3.8).

Figure 3.8. Average daily display size (±1 SE) produced by C. sativus plants between
15-20 true leaves. Plants were grown under six different climatic treatments: AC0T,
EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T =
ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C. Different letters above
the points indicate significant differences between the six treatments (a = 0.05, n = 13).
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Between 25-30TL, there was no effect of either [CO2] or temperature, but there was a
significant interaction between temperature and [CO2] on daily display size (Table 3.1).
AC plants showed similar display sizes across the temperature treatments, whereas EC
plants produced more open flowers as temperatures increased (Figure 3.9). From 0T to
4T, EC plants produced 82% more open flowers and from 0T to 8T EC plants produced
138% more open flowers (Figure 3.9).

Figure 3.9. Average daily display size (±1 SE) produced by C. sativus plants between
15-20 true leaves. Plants were grown under six different climatic treatments: AC0T,
EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T =
ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C. Different letters above
the points indicate significant differences between the six treatments (a = 0.05, n = 13).

3.3.2.2

Lifetime flower production

There was a significant temperature effect and a significant interaction between
temperature and [CO2] on the number of male flowers produced, however, the effect of
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[CO2] was not significant (Table 3.1). Both AC and EC plants produced similar numbers
of male flowers at 0T (Figure 3.10a). Compared to the number male of flowers produced
at 0T, male flower production in the EC treatment increased by 98% with 4T warming,
and by 120% with 8T warming (Figure 3.10a). However, in the AC-grown plants, male
flower production peaked at 4T, with an increase of 57% compared to 0T, and male
flower production at 8T was similar to both the 0T and 4T values (Figure 3.10a).
Growth temperature also significantly affected female flower production, but there was
no effect of [CO2], and no interaction between [CO2] and temperature (Table 3.1).
Female flower production was similar in the 0T and 4T treatments for both CO2
treatments, but decreased in the 8T plants by approximately 41% (Figure 3.10b).
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Figure 3.10. Mean lifetime number of: (a) male and (b) female flowers (±1 SE)
produced by C. sativus plants. Plants were grown under six different climatic
treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2, EC =
750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8 °C.
Different letters above the points indicate significant differences between the six
treatments (a = 0.05, n = 13).

55

3.3.3

Flower size

In 15-20TL plants, both male and female flower size decreased with warming, but there
was no effect of either growth [CO2] or the interaction between [CO2] and temperature on
flower size (Table 3.1; Figure 3.11). Compared to 0T flowers, male flower size decreased
by 11% when grown at 4T and by 25% when grown at 8T (Figure 3.11a). For female
flowers, flower size was similar for AC4T plants, but decreased by 13% for EC4T plants
when compared to 0T flowers (Figure 3.11b). Female flower size also decreased by 20%
and 18% for the AC8T and EC8T plants, respectively when compared to the 0T flowers
(Figure 3.11b).
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Figure 3.11. Mean size (mm) of: (a) male; and (b) female flowers (±1 SE) produced
by C. sativus plants between 15-20 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C.
Different letters above the points indicate significant differences between the six
treatments (a = 0.05, nmale = 13, nfemale = 10-13).
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In 25-30TL plants, both male and female flower size decreased with warming and there
was a significant interaction between [CO2] and temperature on the size of male flowers,
but the effect of [CO2] alone was not significant (Table 3.1; Figure 3.12a). Average male
flower size was similar between the 0T and 4T treatments (Figure 3.12a). However, when
plants were grown at 8T, male flower size decreased by 19% and 8% compared to 0T
flowers (for the AC and EC plants, respectively) (Figure 3.12a). Average female flower
size also decreased with warming (Table 3.1; Figure 3.12b). At 4T, AC-grown female
flowers were similar in size to 0T flowers, but EC-grown flowers were 8% smaller than
0T flowers. At 8T, female flowers were 17% and 10% smaller compared to those under
control temperature conditions (for the AC and EC plants, respectively) (Figure 3.12b).
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Figure 3.12. Mean size (mm) of: (a) male; and (b) female flowers (±1 SE) produced
by C. sativus plants between 25-30 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8
°C. Different letters above the points indicate significant differences between the six
treatments (a = 0.05, n = 12-13).
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3.4 Nectar production
3.4.1

Nectar produced per flower

For male flowers produced by plants between 15-20TL, there was a temperature effect
but no effect of [CO2] and no interaction between [CO2] and temperature. In general,
male nectar produced per flower declined with warming but was similar between [CO2]
treatments (Table 3.1). Mean nectar produced per male flower declined by 35% at 4T,
and by 65% at 8T, compared to the 0T flowers (Figure 3.13a). Female nectar production
in 15-20TL plants was not affected by temperature, [CO2], or the interaction between the
two factors (Figure 3.13b).
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Figure 3.13. Mean nectar volume per flower for (a) male; and (b) female C. sativus
flowers (±1 SE) between 15-20 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C.
Different letters above the points indicate significant differences between the six
treatments (a = 0.05, nmale = 8-13, nfemale = 7-13).
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For 25-30TL plants, both male and female nectar production per flower increased with
warming, but there was no interaction between [CO2] and temperature and no significant
effect of [CO2] (Table 3.1; Figure 3.14). Compared to 0T flowers, mean nectar produced
per male flower increased by 87% and 38% at 4T, and by 67% and 41% at 8T (AC and
EC respectively) (Figure 3.14a). For female flowers, mean nectar production increased by
215% and 37% at 4T compared to the 0T plants (AC and EC, respectively). At 8T,
female nectar production remained similar for AC plants, while nectar production
increased by 87% for EC plants compared to those at 0T (Figure 3.14b).
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Figure 3.14. Mean nectar volume per flower for (a) male; and (b) female C. sativus
flowers (±1 SE) between 25-30 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4 °C, and 8T = 0T+8
°C. Different letters above the points indicate significant differences between the six
treatments (a = 0.05, nmale = 12-13, nfemale = 11-13).
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3.4.2

Nectar produced per plant

There was a significant interaction between [CO2] and temperature and a significant
effect of temperature on whole plant nectar production; however, the effect of [CO2] was
not significant (Table 3.1). Under AC, nectar production per plant was similar in the 0T
and 8T treatments but was 73% greater than this at 4T. In contrast, in EC plants, nectar
production per plant increased 71% from 0T to 4T and increased 113% from 0T to 8T.
Thus, when comparing control plants and the most extreme future climate scenariogrown plants (i.e., AC0T and EC8T), nectar production per plant approximately doubled
(Figure 3.15).

Figure 3.15. Mean nectar produced per C. sativus plant (±1 SE). Plants were grown
under six different climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T.
AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient temperature regime, 4T =
0T+4°C, and 8T = 0T+8°C. Different letters above the points indicate significant
differences between the six treatments (a = 0.05, n = 11-13).
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3.5 Pollen production
3.5.1

Pollen produced per flower

Temperature significantly affected the number of pollen grains that 15-20TL flowers
produced, but there was no interaction between [CO2] and temperature and no effect of
[CO2] (Table 3.1). At current temperatures (0T), both AC- and EC-grown plants had
similar pollen production per flower (Figure 3.16). From 0T to 4T, EC pollen production
was similar, but AC pollen production decreased by approximately 30%. From 0T to 8T,
EC pollen production remained similar, and AC pollen production returned to that of the
control (AC0T) plants (Figure 3.16).

Figure 3.16. Average number of pollen grains (±1 SE) per flower produced by C.
sativus plants between 15-20 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C.
Different letters above the points indicate significant differences between the six
treatments (a = 0.05, n = 6).
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In 25-30TL plants, there was a significant effect of [CO2], temperature, and a significant
interaction between [CO2] and temperature when looking at pollen production per flower
(Table 3.1). EC plants showed no significant differences in per flower pollen production
across the temperature treatments, while AC flowers had similar pollen production in 0T
and 4T treatments but produced 60% less pollen under 8T compared to control plants
(Figure 3.17).

Figure 3.17. Average number of pollen grains (±1 SE) per flower produced by C.
sativus plants between 25-30 true leaves. Plants were grown under six different
climatic treatments: AC0T, EC0T, AC4T, EC4T, AC8T, and EC8T. AC = 400 ppm CO2,
EC = 750 ppm CO2, 0T = ambient temperature regime, 4T = 0T+4°C, and 8T = 0T+8°C.
Different letters above the points indicate significant differences between the six
treatments (a = 0.05, n = 6).
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3.5.2

Pollen produced per plant

Despite the observed effects on the pollen production of individual flowers, when pollen
production was scaled up to the whole plant level, there were no significant main effects
and no differences in pollen production between the treatments (Table 3.1; Figure 3.18).

Figure 3.18. Average number of pollen grains (±1 SE) produced by C. sativus plants.
Plants were grown under six different climatic treatments: AC0T, EC0T, AC4T, EC4T,
AC8T, and EC8T. AC = 400 ppm CO2, EC = 750 ppm CO2, 0T = ambient temperature
regime, 4T = 0T+4°C, and 8T = 0T+8°C (a = 0.05, n = 6).
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4

Discussion

4.1 Temperature effects
Temperature had little effect on gas exchange parameters or biomass allocation patterns
in cucumber. But in response to warmer growth temperatures, C. sativus plants produced
less biomass, and warming also negatively affected floral trait values (Figure 4.1).
Specifically, high growth temperatures accelerated flowering onset, decreased flower
size, reduced female flower production, reduced daily display size (for 15-20TL plants),
reduced nectar per male flower (in 15-20TL plants), and reduced pollen per flower (in
25-30TL plants). Thus, overall, elevated growth temperatures reduced plant size and
many reproduction-related traits, but in a manner that appears to be unrelated to measured
carbon fluxes.
The effects of high temperature I saw on floral traits of C. sativus are consistent with
results of other studies. Hoover et al. (2012) also found accelerated flowering time and
reduced flower size for Curcurbita maxima plants exposed to high temperature
(comparing plants grown at 19 or 23 °C). Additionally, Descamps et al. (2018 and 2020)
found that increased temperatures (ranging from 21, 24 and 27 °C) reduced corolla
surface area, corolla diameter, flower production, and nectar volume for Borago
officinalis and Echium plantagium.
High temperatures reduce the duration of the initiation and/or expansion of floral organs
(reviewed by Morison & Lawlor, 1999). This leaves less time for biomass accumulation
and ultimately results in smaller plant size (reviewed by Hatfield & Prueger, 2015;
Morison & Lawlor, 1999). Accelerated development with warming, as evidenced by
earlier flowering in the warmed treatments, likely underlies the declines in biomass I
observed in the warm-grown plants in this study and could also explain reduced flower
sizes. In response to increasing temperature, many species also show augmented growth
responses up to a species-specific thermal optimum, and above this temperature, growth
declines rapidly (reviewed by Hatfield & Prueger, 2015). For cucumbers, the optimum
range of growth
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Figure 4.1. Summary of the effects of temperature, [CO2], and their interaction on floral traits, gas exchange, and
biomass of C. sativus. Blue squares = significant [CO2] effect, red squares = significant temperature effect, purple
squares = significant CO2 x temperature interaction, (+) = positive effect, (-) = negative effect, and (v) = lower at
moderate temperature, Anet = net rate of CO2 assimilation, RD = dark respiration rate, Vcmax= maximum rate of Rubisco
carboxylation, Jmax= maximum rate of electron transport. Illustrated by Amy McDonald.
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temperatures is between 20-25 °C, and temperatures around 35 °C, like those in the 8T
treatment, can induce heat stress (Backlund, 2009). Plant reproduction is especially
susceptible to high temperature stress (Sage et al., 2015; Zinn et al., 2010), which could
explain the declines in reward and flower production with warming.
High temperatures also affected some traits of male and female flowers differently. With
warming, the number of male flowers increased while nectar per flower (15-20TL) and
pollen per flower (25-30TL) tended to decline. In contrast, female flower production
decreased with warming, while nectar per female flower increased in warm-grown plants
(25-30TL). Temperature stress has previously been found to affect male and female
function differently (Herrero, 2003). In stressful conditions, such as low moisture or high
altitude, studies have observed increased production of male flowers, while less stressful
conditions (e.g., adequate moisture or lower altitude) tended to favour female flower
production (Freeman et al., 1981; Pickering & Hill, 2002). Female flowers can be more
costly than male flowers, since females invest resources in petals, nectar, fruits, and
seeds, while males invest resources in petals, nectar, and pollen (Obeso, 1997). Thus,
lower male costs may promote male flower production under stressful conditions and the
differential responses of floral sexes to stress may be mediated by their respective costs.

4.2 CO2 effects
In response to elevated [CO2], C. sativus plants produced more biomass, but had similar
patterns of biomass allocation, Anet, RD, photosynthetic capacity, and stomatal
conductance to 0T plants when measured at their respective growth conditions. For floral
traits, plants tended to exhibit similar trait values at both ambient and elevated [CO2]
when temperature treatments were less extreme (i.e., 0T and 4T). However, when plants
were grown under more extreme warming (i.e., 8T), those exposed to elevated [CO2]
showed increased floral trait values in several instances when compared to their ambient
[CO2]-grown counterparts at the same temperature. Specifically, at 8T, elevated [CO2]
promoted greater female flower production, greater daily floral display size (25-30TL),
larger male flower size (25-30TL), more pollen grains per flower, and more nectar per
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plant compared to ambient [CO2]-grown plants. Hence, the benefits of elevated [CO2]
were strongest when growth temperatures were high, and elevated [CO2] alleviated some
of the negative effects of high temperatures on C. sativus.
Other studies have also found mitigating effects of elevated [CO2] at high temperatures,
though most studies to date focus on growth and carbon fluxes, with few evaluating floral
traits. For example, Song et al. (2014) exposed Poa pratensis to a range of growth
temperatures (15, 20, 25, 30, and 35 °C) and either 400 or 800 µmol mol-1 [CO2] and
measured aspects of carbon balance. Higher [CO2] stimulated root growth, shoot growth,
and Anet in each temperature treatment, and also reduced the negative effects of very high
temperatures (30 and 35 °C). As a result, plants grown at higher [CO2] generally
displayed greater trait values, such as root and shoot growth, under very high
temperatures compared to ambient [CO2]-grown plants. Furthermore, a meta-analysis by
Wang et al. (2012) studied the effects of elevated [CO2] on plant physiology and growth
over a range of temperatures. They found that the effects of elevated [CO2] varied with
plant functional type and photosynthetic pathway, but C3 species in particular had greater
photosynthesis across a range of temperatures when grown at elevated [CO2]. In addition,
this beneficial effect of high [CO2] was particularly noticeable when C3 plants were
grown at very high temperatures or were heat stressed. In this case, the slight recovery in
trait values observed under elevated [CO2] might be attributed to higher antioxidant
activity in response to elevated [CO2]. While antioxidant concentrations were not
assessed in this thesis, high [CO2] might improve the antioxidant defence capacity of
plants by supplying more carbon for the production of antioxidant molecules (reviewed
by AbdElgawad et al., 2016), thus improving growth and reproduction under heat stress.

4.3 The relative importance of climate change drivers
Across all measured variables, [CO2] significantly affected only total biomass production,
flowering onset timing, and pollen production from 25-30TL plants (Figure 4.1). On the
other hand, temperature, or the interaction between [CO2] and temperature, significantly
affected the majority of variables measured (Figure 4.1). Consistent with these findings,
Sallas et al. (2003) found that temperature had a greater effect on Pinus sylvestris and
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Picea abies growth, physiology, and secondary metabolites than [CO2]. Other studies
have also found that temperature effects were stronger than [CO2] effects (e.g., Dusenge
et al., 2020; Kroner & Way, 2016). Furthermore, in their recent review, Dusenge et al.
(2019) highlighted that temperature effects tend to dictate respiratory responses under
future climate scenarios, and while photosynthetic responses to high [CO2] are fairly
consistent, photosynthetic responses to temperature are more variable, suggesting that
temperature effects may be more important than [CO2] when trying to predict plant
responses to climate change. Similarly, my results suggest that studies focusing on the
effects of elevated [CO2] alone may not represent climate change impacts as accurately as
studies considering temperature alone or those incorporating both temperature and [CO2]
effects.

4.4

Carbon dynamics

I expected that changes in [CO2] and temperature would lead to changes in leaf gas
exchange parameters. Instead, I found that leaf carbon dynamics (measured at growth
conditions) were largely similar across the different climatic treatments. In fact, the only
significant treatment effect I found on gas exchange parameters was an interaction
between [CO2] and temperature on leaf dark respiration (Table 3.1, Figure 4.1). Similar
gas exchange parameter values in the different climate treatments suggest that these
plants acclimated both photosynthetic and respiratory processes to changes in [CO2] and
temperature to maintain homeostasis. Although I did not explicitly measure acclimation
in this study (which would involve measuring all the plants under common conditions),
acclimation is very likely considering that the ratios of Anet:RD were not different across
the treatments despite the well-established effects of [CO2] and temperature on
photosynthesis and respiration.
Despite similarities in carbon balance, elevated [CO2], elevated temperature, and their
interaction did affect plant biomass and floral traits. This is similar to the results of
Wookey et al. (1994), who found no difference in Anet in response to warming, but
showed that Polygonum viviparum plants had greater reproductive investment (e.g.,
greater bulb weight, spike length) at higher temperatures. While this disparity could be
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due to my small sample size for gas exchange, other studies on cucumbers have found
significant differences in their gas exchange data with similar sample sizes to my study
(e.g., Ibarra-Jiménez et al., 2008; Xiaotao et al., 2013; Zhou et al., 2011). Another
possibility is that photosynthesis is not always tightly coupled with plant growth. While
carbon is the primary resource that plants must allocate to maximise survival and
reproduction, it is not the only resource that requires tradeoffs: water and nutrient balance
also influence plant growth and reproduction (Coskun et al., 2016; Flexas et al., 2006).
Changes in water or nutrient relations may, in turn, uncouple photosynthesis and growth
relations. For example, Muller et al. (2011) reviewed literature on water deficits and plant
carbon balance and found that water deficits often lead to swift declines in plant growth,
while photosynthesis is maintained over a longer period of time, implying a mismatch in
the response rates of carbon supply and demand to water stress. Similarly, in the absence
of adequate nutrients, plant growth may be stunted while photosynthesis may respond
more slowly (Kirschbaum, 2011). Although my plants were grown under ample water
and nutrient regimes, those in the 8T treatment likely experienced greater variation in soil
moisture levels due to high evaporative demand, which could have uncoupled the
responses of photosynthesis/respiration and growth.
Another possible explanation for the incongruent responses between leaf carbon
dynamics and floral traits is that whole plant carbon dynamics may not reflect leaf carbon
dynamics, such that minor differences in carbon dynamics at the leaf level can scale up to
produce detectable differences in plant traits (Way et al., 2011). In this experiment, I
measured leaf net CO2 assimilation rates and respiration rates because the majority of
carbon uptake takes place in the leaves. However, other plant organs substantially
influence carbon dynamics as well. Other organs may contribute to carbon fixation, for
instance, reproductive structures can supply between 2 – 65% of their own photosynthetic
carbon costs (Aschan & Pfanz, 2003; Bazzaz et al., 1979), and other organs contribute to
respiration; for instance, stems and roots also respire (Atkin et al., 2007). Ultimately,
whole plant respiration and photosynthesis are better indicators of plant carbon balance
than leaf-level measurements alone.
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4.5 Developmental stage
Floral traits were measured at two developmental stages to get a more representative
sense of trait values at different time points. In general, trait values were reduced at the
later developmental stages and traits appeared less responsive to climatic treatments later
in development. For instance, at 15-20TL, the largest male flowers had a geometric mean
size of 50 mm and high growth temperatures reduced this to 37 mm, a 25% decrease.
However, at 25-30TL, the largest male flowers had a geometric mean size of 41 mm and
high temperatures reduced this to 35 mm (average of AC and EC values at 8T), which is
only a 15% decrease in flower size (Figures 5a and 6a, respectively). Other studies have
also found declining floral trait values with plant age. Williams and Conner (2001) found
that flower size of Raphanus raphanistrum in the field declined with increasing plant age
and Devlin et al. (1987) found that nectar production in field-grown Lobelia cardinalis
decreased as plants got older.
Over a plant’s lifetime, environmental conditions, such as resource availability or
temperature, will change, as will patterns of resource allocation and source/sink dynamics
(Marshall et al., 2010). Changes in these factors could explain changes in floral traits as
plants mature (Ehlers & Olesen, 2004). For example, as plants grow and use resources in
their environment, reduced resource availability and corresponding effects on floral traits
might be expected (Marshall et al., 2010). This effect likely explains reductions in nectar
production for Lobelia cardenalis (Devlin et al., 1987) and the smaller flowers produced
by Raphanus raphanistrum (Williams and Conner, 2001) at later ages when measured in
the field. However, since the plants in my experiment were reared under similar nutrient
regimes throughout their lifetimes, this is unlikely to explain my results. On the other
hand, as plants mature, allocation to fruits and seeds (and the sink strength of these
organs), as well as the cost of maintenance, may increase relative to allocation of
resources to flowers (Marshall et al., 2010). As allocation to flowers declines, one might
expect fewer flowers to be produced or to see a reduction in overall flower size/rewards,
which is consistent with what I observed for flower size and male nectar production.
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One exception to reduced trait values with plant age was display size, where 25-30TL
plants produced more open flowers per day than plants at 15-20TL (Figures 3.3 and 3.2,
respectively). Others have also found increased reproductive investment with aging. For
example, Ehlers and Olesen (2004) found that older Corydalis intermedia plants
produced more flowers than those that were younger under field conditions, and Carroll
et al. (2001) found that Epilobium angustifolium produced slightly more nectar as plant
age increased in the field. Generally, mature plants are more likely to have successfully
reproduced than younger plants, and if a plant has been successful in setting seed, it may
abort later flowers or fruits. For instance, Vaccinium macrocarpon produces 5-7 flowers
sequentially, but only 1-3 fruits are ultimately produced (Brown & McNeil, 2006). The
opposite can also be true, where plants that have not yet been successful in reproducing
may invest more in reproduction later in life than they typically would. Brown and
McNeil (2006) conducted an experiment using V. macrocarpon and found that later
flowers only produced fruit when earlier flowers were unsuccessful/removed, despite
ensuring adequate pollination for all flowers. In my experiment, C. sativus plants were
grown in glasshouses without pollinators, so there was little to no chance for successful
fruit production throughout the growing season, which could explain larger display size
at 25-30TL. While developmental stage considerations were not a principal driver of this
thesis, my results suggest that plant developmental stage may play a larger part in plantpollinator interactions, and potentially plant carbon dynamics, than is generally
considered.

4.6 Future directions
I found that the majority of floral traits measured were affected by future climate
scenarios in ways that could influence plant-pollinator relationships. Compared to plants
grown under current conditions (AC0T), plants grown under future climate conditions
(EC8T) started to flower about one week earlier, which could affect the synchrony
between C. sativus and their pollinators (Settele et al., 2016). The EC8T plants also
produced smaller flowers and less nectar per male flower (15-20TL) than the AC0T
plants, both of which are likely to increase the energetic costs of foraging for pollinators
(Harder, 1986). Flower size can also alter the efficiency of pollination via the functional
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fit between plants and their pollinators with resulting consequences for plant fitness
(Willmer, 2011), and smaller flowers are generally less attractive to pollinators (Martin,
2004). On the other hand, I found that the number of male flowers increased with
warming, which could enhance pollinator attraction, since there is some evidence that bee
pollinators prefer to forage on male flowers (Huang et al., 2006). Moreover, daily display
size increased when comparing current and future climatic treatments, which would
likely increase plant attractiveness to pollinators as well (Hernández-Villa et al., 2020;
Nattero et al., 2011).
As previously mentioned, there are many floral traits that can affect plant-pollinator
relationships. This experiment tested a subset of important traits; however, plant
pollinator interactions are ultimately determined by assemblages of plant-level and
flower-level characteristics (Willmer, 2011). If some trait values are enhanced under
climate change, while others are diminished, the consequences for pollination may be
complex. For example, I found that whole plant nectar production doubled in response to
climate change drivers (Figure 3.15), which, theoretically, would be beneficial for
pollinators. However, if increases in nectar volume are accompanied by unfavourable
changes in nectar concentration or composition, then pollinators may experience adverse
effects (Shackleton et al., 2016). To better understand how climate change will influence
plant-pollinator relationships, a more comprehensive approach to floral trait sampling is
needed. In particular, there are few studies in the context of climate change that include
nectar guides, flower colour, floral volatile organic compounds, or flower temperature in
their sampled floral traits (but see Glenny et al., 2018; Koski & Ashman, 2015; Shrestha
et al., 2018).
In addition to quantifying the effects of climate change on a more comprehensive set of
floral traits, quantifying pollinator behaviour and survival in response to trait changes
will improve our understanding of the ecological consequences of these floral shifts
(Scaven & Rafferty, 2013). This is especially true because pollinators may not always
respond to floral trait changes in the way we might expect. As one example, Hoover et al.
(2012) looked at the response of Bombus terrestris to nectar produced under nitrogen
enrichment, elevated [CO2], and high temperature. They found that B. terrestris
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individuals consumed more nectar from artificial flowers simulating the nectar collected
from the high nitrogen treatments, and they also tended to visit these flowers more
frequently. However, the simulated nectar from the high nitrogen treatments reduced bee
lifespan (Hoover et al., 2012). In addition, despite observed changes in plant size, mean
petal area, and floral display size, Glenny et al. (2018) found no significant changes in
pollinator visitation rates for three out of four plant species exposed to increased [CO2]
and drought.
Several studies have assessed the effects of [CO2] or temperature on nectar independently
of pollen (e.g., Dag & Eisikowitch, 2000; Erhardt et al., 2005; Hoover et al., 2012;
Jakobsen & Kritjánsson, 1994; Lake & Hughes, 1999; Mu et al., 2015; Takkis et al.,
2015, 2018). However, thus far, I am aware of only one other study that has looked at
both pollen and nectar resources from the same species in the context of climate change,
and these researchers focused on temperature and drought effects rather than temperature
and [CO2] (Descamps et al., 2018). Social pollinators often specialize on a particular task
and, in the case of bees, an individual may specialize on foraging for pollen or nectar
during a particular foraging bout (Russell et al., 2017). As a result, an individual bee may
not need to evaluate both pollen and nectar in the same foraging bout. However, pollen
and nectar may still be collected from the same plant, or different plants of the same
species. Since notable pollinators, like bees, require adequate quantities and quality of
both pollen and nectar to grow and reproduce (Nicolson, 2011), considering changes in
both pollen and nectar in response to climate change may be more critical than evaluating
changes in either resource alone.
The consequences of climate change are expected to be pervasive and numerous. In
addition to [CO2] and temperature changes, models predict rising sea levels, ocean
acidification, and increased frequency of extreme weather events (Cubasch et al., 2013).
While this thesis addressed the consequences of elevated [CO2] and temperature, which
are widespread climate change drivers, plant exposure to extreme events, such as
heatwaves, could prove to be more important in shaping plant-pollinator interactions than
sustained growth under higher temperatures or [CO2]. For instance, based on the results
of this study and previous work, flower production increases when plants are grown at
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higher temperatures (Nakamura et al., 2016; Pau et al., 2013; Zheng et al., 2002).
However, when plants are exposed to short-term bursts of heat mimicking heatwave
conditions, flower production is reduced (Orsenigo et al., 2014; Suraweera et al., 2020).
Thus, evaluating floral trait responses to sustained elevated [CO2] and temperature, in
addition to extreme events, could prevent underestimating climate change impacts on
flowers.
While I did not evaluate the effects of increased [CO2] and temperature on C. sativus
yield, I did find that high temperatures reduced female flower production (Figure 7b). In
addition, I did not find that elevated [CO2] counteracted these female flower declines.
Since female flowers are fruit producers, declining female flower numbers with warming
could mean that cucumber yields will be reduced with climate change, which would be
detrimental for producers. However, considering that the variety used in this experiment
is monoecious, and that fruit weight and quality were not evaluated, these results should
be interpreted with caution. A 2018 review on the effects of climate change on vegetable
production highlighted that there are surprisingly few studies focusing on this area of
research, although the independent effects of temperature and [CO2] have received
attention (Bisbis et al., 2018). Thus, this is a promising area for future exploration.

4.7 Conclusions
Leaf carbon dynamics were largely homeostatic across an 8 °C growth temperature range
and a 350 ppm difference in [CO2], and these carbon dynamics were uncoupled from
growth and floral trait measurements, potentially due to different rates of response
between photosynthesis and growth (Muller et al., 2011). Despite this, future climate
scenarios still affected floral traits of C. sativus in ways that could alter their relationship
with pollinators. Specifically, temperature generally produced negative effects on floral
traits, including smaller flowers, less nectar per flower (males 15-20TL), and accelerated
flowering onset. This suggests that higher temperatures may be detrimental to plantpollinator interactions in the future. For instance, smaller flower size reduces plant
advertisement to pollinators, and also has the potential to alter the efficiency of
pollination and the cost of foraging (Willmer, 2011). On the other hand, higher [CO2]
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facilitated a recovery of some trait values, which might be beneficial for pollinators and
alleviate some of the negative effects of warming. For instance, whole plant nectar
production doubled in the EC8T treatment compared to AC0T. However, the beneficial
effects of [CO2] only occurred when warming was extreme and were not consistent
across the measured traits, suggesting more work is needed to evaluate these [CO2]
effects.
Additionally, temperature (or the interaction between [CO2] and temperature) had greater
consequences for plant traits and physiological parameters than [CO2] alone, suggesting
that temperature effects may dominate plant responses to climate change. The treatments
also affected male and female flowers differently, potentially due to the distinctive costs
of male and female function, with females typically requiring increased resource
investment (Obeso, 1997). In addition, plant developmental stage influenced floral trait
values and responses to the treatments, with more mature plants generally showing lower
trait values, and less response to the climatic treatments. These results indicate a need for
increased sampling over the lifetime of plants to get a better sense of variation in floral
traits and carbon dynamics as plants age.
Future studies focusing on a wider range of floral traits, as well as pollinator responses to
these traits under climate change, are needed to allow researchers to make more informed
predictions about the effects of climate change on plant-pollinator interactions. In
particular, more studies evaluating the effects of climate change on the quantity and
quality of both pollen and nectar resources from the same species are needed to determine
how these resources change in tandem, since both are important food source for bee
pollinators, and they may be gathered from the same species. Finally, considering the
effects of extreme climatic events, such as heatwaves, in addition to chronic climatic
changes will be important for developing a more complete picture of crop floral
responses to climate change, since plant responses to prolonged climatic changes likely
differ from short-term responses.

79

References
AAFC. (2019). Statistical Overview of the Canadian Vegetable Industry, 2018.
Agriculture and Agri-Food Canada. Retrieved July 6, 2020, from
http://www.agr.gc.ca/eng/horticulture/horticulture-sector-reports/statistical-overview-ofthe-canadian-vegetable-industry-2018/?id=1569438862333#a1.12
AbdElgawad, H., Zinta, G., Beemster, G. T. S., Janssens, I. A., & Asard, H. (2016).
Future climate CO2 levels mitigate stress impact on plants: Increased defense or
decreased challenge? Frontiers in Plant Science, 7, 1-7.
https://doi.org/10.3389/fpls.2016.00556
Ainsworth, E. A. (2008). Rice production in a changing climate: A meta-analysis of
responses to elevated carbon dioxide and elevated ozone concentration. Global Change
Biology, 14, 1642–1650. https://doi.org/10.1111/j.1365-2486.2008.01594.x
Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 15 years of free-air
CO2 enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO2. New Phytologist, 165, 351–371.
https://doi.org/10.1111/j.1469-8137.2004.01224.x
Ainsworth, E. A., & Rogers, A. (2007). The response of photosynthesis and stomatal
conductance to rising [CO2]: Mechanisms and environmental interactions. Plant, Cell &
Environment, 30, 258–270. https://doi.org/10.1111/j.1365-3040.2007.01641.x
Albertine, J. M., Manning, W. J., DaCosta, M., Stinson, K. A., Muilenberg, M. L., &
Rogers, C. A. (2014). Projected carbon dioxide to increase grass pollen and allergen
exposure despite higher ozone levels. PLoS ONE, 9, 1-6.
https://doi.org/10.1371/journal.pone.0111712
Aloni, B., Peet, M., Pharr, M., & Karni, L. (2001). The effect of high temperature and
high atmospheric CO2 on carbohydrate changes in bell pepper (Capsicum annuum) pollen

80

in relation to its germination. Physiologia Plantarum, 112, 505–512.
https://doi.org/10.1034/j.1399-3054.2001.1120407.x
Amthor, J. S. (2000). Direct effect of elevated CO2 on nocturnal in situ leaf respiration in
nine temperate deciduous tree species is small. Tree Physiology, 20, 139–144.
https://doi.org/10.1093/treephys/20.2.139
Arcus, V. L., Prentice, E. J., Hobbs, J. K., Mulholland, A. J., Van der Kamp, M. W.,
Pudney, C. R., Parker, E. J., & Schipper, L. A. (2016). On the temperature dependence of
enzyme-catalyzed rates. Biochemistry, 55, 1681–1688.
https://doi.org/10.1021/acs.biochem.5b01094
Aschan, G., & Pfanz, H. (2003). Non-foliar photosynthesis – a strategy of additional
carbon acquisition. Flora, 198, 81–97. https://doi.org/10.1078/0367-2530-00080
Astiz, V., & Hernández, L. (2013). Pollen production in sunflower (Helianthus annuus
L.) is affected by air temperature and relative humidity during early reproductive growth.
Phyton, 82, 297–302. https://doi.org/10.32604/phyton.2013.82.297
Atkin, O. K., Scheurwater, I., & Pons, T. L. (2007). Respiration as a percentage of daily
photosynthesis in whole plants is homeostatic at moderate, but not high, growth
temperatures. New Phytologist, 174, 367–380. https://doi.org/10.1111/j.14698137.2007.02011.x
Atkin, O. K., & Tjoelker, M. G. (2003). Thermal acclimation and the dynamic response
of plant respiration to temperature. Trends in Plant Science, 8, 343–351.
https://doi.org/10.1016/S1360-1385(03)00136-5
Ayub, G., Smith, R. A., Tissue, D. T., & Atkin, O. K. (2011). Impacts of drought on leaf
respiration in darkness and light in Eucalyptus saligna exposed to industrial-age
atmospheric CO2 and growth temperature. New Phytologist, 190, 1003–1018.
https://doi.org/10.1111/j.1469-8137.2011.03673.x

81

Ayub, G., Zaragoza-Castells, J., Griffin, K. L., & Atkin, O. K. (2014). Leaf respiration in
darkness and in the light under pre-industrial, current and elevated atmospheric CO2
concentrations. Plant Science, 226, 120–130.
https://doi.org/10.1016/j.plantsci.2014.05.001
Backlund, P. (2009). Effects of Climate Change on Agriculture, Land Resources, Water
Resources, and Biodiversity in the United States. Collingdale, Pennsylvania, USA:
DIANE Publishing.
Badgery-Parker, J., James, L., Parks, S., Tesoriero, L., Ryland, A., Ekman, J., & Jarvis, J.
(2019). Greenhouse Cucumber Production. New South Wales Department of Planning,
Industry, and Environment.
Bajwa, A. A., Wang, H., Chauhan, B. S., & Adkins, S. W. (2019). Effect of elevated
carbon dioxide concentration on growth, productivity and glyphosate response of
parthenium weed (Parthenium hysterophorus L.). Pest Management Science, 75, 2934–
2941. https://doi.org/10.1002/ps.5403
Balasooriya, H. N., Dassanayake, K. B., Seneweera, S., & Ajlouni, S. (2018). Interaction
of elevated carbon dioxide and temperature on strawberry (Fragaria × ananassa) growth
and fruit yield. International Journal of Agricultural and Biosystems Engineering, 12,
279-287. doi.org/10.5281/zenodo.1474461
Barber, N. A., Adler, L. S., & Bernardo, H. L. (2011). Effects of above- and belowground
herbivory on growth, pollination, and reproduction in cucumber. Oecologia, 165, 377–
386. https://doi.org/10.1007/s00442-010-1779-x
Bartomeus, I., Ascher, J. S., Wagner, D., Danforth, B. N., Colla, S., Kornbluth, S., &
Winfree, R. (2011). Climate-associated phenological advances in bee pollinators and beepollinated plants. Proceedings of the National Academy of Sciences, 108, 20645–20649.
https://doi.org/10.1073/pnas.1115559108

82

Bazzaz, F. A., Carlson, R. W., & Harper, J. L. (1979). Contribution to reproductive effort
by photosynthesis of flowers and fruits. Nature, 279, 554–555.
https://doi.org/10.1038/279554a0
Bazzaz, Fakhri A., Chiariello, N. R., Coley, P. D., & Pitelka, L. F. (1987). Allocating
resources to reproduction and defense. BioScience, 37, 58–67.
https://doi.org/10.2307/1310178
Benlloch-Gonzalez, M., Bochicchio, R., Berger, J., Bramley, H., & Palta, J. A. (2014).
High temperature reduces the positive effect of elevated CO2 on wheat root system
growth. Field Crops Research, 165, 71–79. https://doi.org/10.1016/j.fcr.2014.04.008
Biran, I., Enoch, H. Z., Zieslin, N., & Halevy, A. H. (1973). The influence of light
intensity, temperature and carbon dioxide concentration on anthocyanin content and
blueing of ‘Baccara’ roses. Scientia Horticulturae, 1, 157–164.
https://doi.org/10.1016/0304-4238(73)90026-5
Bisbis, M. B., Gruda, N., & Blanke, M. (2018). Potential impacts of climate change on
vegetable production and product quality – A review. Journal of Cleaner Production,
170, 1602–1620. https://doi.org/10.1016/j.jclepro.2017.09.224
Broberg, M. C., Högy, P., Feng, Z., & Pleijel, H. (2019). Effects of elevated CO2 on
wheat yield: Non-linear response and relation to site productivity. Agronomy, 9, 1-18.
https://doi.org/10.3390/agronomy9050243
Brodschneider, R., & Crailsheim, K. (2010). Nutrition and health in honey bees.
Apidologie, 41, 278–294. https://doi.org/10.1051/apido/2010012
Brown, A. O., & McNeil, J. N. (2006). Fruit production in cranberry (Ericaceae:
Vaccinium macrocarpon): A bet-hedging strategy to optimize reproductive effort.
American Journal of Botany, 93, 910-916. https://doi.org/10.3732/ajb.93.6.910

83

Burkle, L. A., Marlin, J. C., & Knight, T. M. (2013). Plant-pollinator interactions over
120 years: Loss of species, co-occurrence, and function. Science, 339, 1161–1615.
https://doi.org/10.1126/science.1232728
Carroll, A. B., Pallardy, S. G., & Galen, C. (2001). Drought stress, plant water status, and
floral trait expression in fireweed, Epilobium angustifolium (Onagraceae). American
Journal of Botany, 88, 438–446. https://doi.org/10.2307/2657108
Carvalho, S. M. P., Abi-Tarabay, H., & Heuvelink, E. (2005). Temperature affects
Chrysanthemum flower characteristics differently during three phases of the cultivation
period. The Journal of Horticultural Science and Biotechnology, 80, 209–216.
https://doi.org/10.1080/14620316.2005.11511919
Cleland, E. E., Chiariello, N. R., Loarie, S. R., Mooney, H. A., & Field, C. B. (2006).
Diverse responses of phenology to global changes in a grassland ecosystem. Proceedings
of the National Academy of Sciences of the United States of America, 103, 13740–13744.
https://doi.org/10.1073/pnas.0600815103
Conner, J. K., & Rush, S. (1996). Effects of flower size and number on pollinator
visitation to wild radish, Raphanus raphanistrum. Oecologia, 105, 509–516.
https://doi.org/10.1007/BF00330014
Cook, S. M., Awmack, C. S., Murray, D. A., & Williams, I. H. (2003). Are honey bees’
foraging preferences affected by pollen amino acid composition? Ecological Entomology,
28, 622–627. https://doi.org/10.1046/j.1365-2311.2003.00548.x
Coskun, D., Britto, D. T., & Kronzucker, H. J. (2016). Nutrient constraints on terrestrial
carbon fixation: The role of nitrogen. Journal of Plant Physiology, 203, 95–109.
https://doi.org/10.1016/j.jplph.2016.05.016
Costa, C. M., & Yang, S. (2009). Counting pollen grains using readily available, free
image processing and analysis software. Annals of Botany, 104, 1005–1010.
https://doi.org/10.1093/aob/mcp186

84

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neill, R., Paruelo, J., Raskin, R., Sutton, P., & van den Belt, M. (1997).
The value of the world’s ecosystem services and natural capital. Nature, 387, 253-260.
https://doi.org/10.1038/387253a0
Crookshanks, M., Taylor, G., & Dolan, L. (1998). A model system to study the effects of
elevated CO2 on the developmental physiology of roots: The use of Arabidopsis thaliana.
Journal of Experimental Botany, 49, 593–597. https://doi.org/10.1093/jxb/49.320.593
Crous, K. Y., Zaragoza‐Castells, J., Ellsworth, D. S., Duursma, R. A., Löw, M., Tissue,
D. T., & Atkin, O. K. (2012). Light inhibition of leaf respiration in field-grown
Eucalyptus saligna in whole-tree chambers under elevated atmospheric CO2 and summer
drought. Plant, Cell & Environment, 35, 966–981. https://doi.org/10.1111/j.13653040.2011.02465.x
Cubasch, U., Wuebbles, D., Chen, D., Facchini, M. C., Frame, D., Mahowald, N., &
Winther, J. G. (2013). Introduction. In T.F. Stocker, D. Qin, G. K. Plattner, M. Tignor, S.
K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, & P. M. Midgley (Eds.), Climate
Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge,
United Kingdom and New York, New York, USA: Cambridge University Press.
Dag, A., & Eisikowitch, D. (2000). The effect of carbon dioxide enrichment on nectar
production in melons under greenhouse conditions. Journal of Apicultural Research, 39,
88–89. https://doi.org/10.1080/00218839.2000.11101027
Darbah, J. N. T., Kubiske, M. E., Nelson, N., Oksanen, E., Vaapavuori, E., & Karnosky,
D. F. (2007). Impacts of elevated atmospheric CO2 and O3 on Paper Birch (Betula
papyrifera): Reproductive fitness. TheScientificWorldJOURNAL, 7, 240-246.
https://doi.org/10.1100/tsw.2007.42
Davey, P. A., Hunt, S., Hymus, G. J., DeLucia, E. H., Drake, B. G., Karnosky, D. F., &
Long, S. P. (2004). Respiratory oxygen uptake is not decreased by an instantaneous

85

elevation of [CO2], but is increased with long-term growth in the field at elevated [CO2].
Plant Physiology, 134, 520–527. https://doi.org/10.1104/pp.103.030569
Descamps, C., Marée, S., Hugon, S., Quinet, M., & Jacquemart, A. L. (2020). Speciesspecific responses to combined water stress and increasing temperatures in two beepollinated congeners (Echium, Boraginaceae). Ecology and Evolution, 00, 1-13.
https://doi.org/10.1002/ece3.6389
Descamps, C., Quinet, M., Baijot, A., & Jacquemart, A. L. (2018). Temperature and
water stress affect plant-pollinator interactions in Borago officinalis (Boraginaceae).
Ecology and Evolution, 8, 3443–3456. https://doi.org/10.1002/ece3.3914
Devasirvatham, V., Gaur, P. M., Mallikarjuna, N., Tokachichu, R. N., Trethowan, R. M.,
& Tan, D. K. Y. (2012). Effect of high temperature on the reproductive development of
chickpea genotypes under controlled environments. Functional Plant Biology, 39, 1009–
1018. https://doi.org/10.1071/FP12033
Devlin, B., Horton, J. B., & Stephenson, A. G. (1987). Patterns of nectar production of
Lobelia cardinalis. The American Midland Naturalist, 117, 289–295.
https://doi.org/10.2307/2425970
Drake, B. G., Gonzàlez-Meler, M. A., & Long, S. P. (1997). More efficient plants: A
consequence of rising atmospheric CO2. Annual Review of Plant Physiology and Plant
Molecular Biology, 48, 609–639. https://doi.org/10.1146/annurev.arplant.48.1.609
Duursma, R. A. (2015). Plantecophys - An R package for analysing and modelling leaf
gas exchange data. PLoS ONE, 10, 1-13. https://doi.org/10.1371/journal.pone.0143346
Dusenge, M. E., Madhavji, S., & Way, D. A. (2020). Contrasting acclimation responses
to elevated CO2 and warming between an evergreen and a deciduous boreal conifer.
Global Change Biology, 26, 3639–3657. https://doi.org/10.1111/gcb.15084
Dusenge, M. E., Duarte, A. G., & Way, D. A. (2019). Plant carbon metabolism and
climate change: Elevated CO2 and temperature impacts on photosynthesis,

86

photorespiration and respiration. New Phytologist, 221, 32–49.
https://doi.org/10.1111/nph.15283
Ehlers, B. K., & Olesen, J. M. (2004). Flower production in relation to individual plant
age and leaf production among different patches of Corydalis intermedia. Plant Ecology,
174, 71–78. https://doi.org/10.1023/B:VEGE.0000046060.77491.b9
Eilers, E. J., Kremen, C., Smith Greenleaf, S., Garber, A. K., & Klein, A. M. (2011).
Contribution of pollinator-mediated crops to nutrients in the human food supply. PLoS
ONE, 6, 1-6. https://doi.org/10.1371/journal.pone.0021363
El Ahmadi, A. B., & Stevens, M. A. (1979). Reproductive responses of heat-tolerant
tomatoes to high temperatures. American Society for Horticultural Science, 104, 686-691.
https://agris.fao.org/agris-search/search.do?recordID=US7927473
ECCC. (2019). Historical Data - Climate. Environment and Climate Change Canada.
Retrieved July 6, 2020, from
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html
Erhardt, A., Rusterholz, H. P., & Stöcklin, J. (2005). Elevated carbon dioxide increases
nectar production in Epilobium angustifolium L. Oecologia, 146, 311–317.
https://doi.org/10.1007/s00442-005-0182-5
FAOSTAT. (2016). Food and Agricultural Organization of the United Nations. Retrieved
July 9, 2020, from http://www.fao.org/faostat/en/#data/QC/visualize
Farquhar, G. D., von Caemmerer, S., & Berry, J. A. (1980). A biochemical model of
photosynthetic CO2 assimilation in leaves of C3 species. Planta, 149, 78–90.
https://doi.org/10.1007/BF00386231
Fitter, A. H., & Fitter, R. S. R. (2002). Rapid changes in flowering time in British plants.
Science, 296, 1689–1691. https://doi.org/10.1126/science.1071617
Flexas, J., Bota, J., Galmés, J., Medrano, H., & Ribas‐Carbó, M. (2006). Keeping a
positive carbon balance under adverse conditions: Responses of photosynthesis and

87

respiration to water stress. Physiologia Plantarum, 127, 343–352.
https://doi.org/10.1111/j.1399-3054.2006.00621.x
Fox, J., & Weisberg, S. (2020). Car: An R Companion to Applied Regression. R package
version 3.0. https://CRAN.R-project.org/package=car
Franks, P., & Farquhar, G. (1999). A relationship between humidity response, growth
form and photosynthetic operating point in C3 plants. Plant Cell and Environment, 22,
2365-2384. https://doi.org/10.1046/j.1365-3040.1999.00494.x
Freeman, D. C., McArthur, E. D., Harper, K. T., & Blauer, A. C. (1981). Influence of
environment on the floral sex ratio of monoecious plants. Evolution, 35, 194–197.
https://doi.org/10.2307/2407956
Galen, C., & Newport, M. E. A. (1987). Bumble bee behavior and selection on flower
size in the sky pilot, Polemonium viscosum. Oecologia, 74, 20–23.
https://doi.org/10.1007/BF00377340
Gallai, N., Salles, J. M., Settele, J., & Vaissière, B. E. (2009). Economic valuation of the
vulnerability of world agriculture confronted with pollinator decline. Ecological
Economics, 68, 810–821. https://doi.org/10.1016/j.ecolecon.2008.06.014
Garruña-Hernandez, R., Canto, A., Mijangos-Cortés, J., Islas, I., Pinzón, L., & Orellana,
R. (2012). Changes in flowering and fruiting of Habanero pepper in response to higher
temperature and CO2. Journal of Food Agriculture and Environment, 10, 802–808.
https://doi.org/10.1371/journal.pone.0111402
Gérard, M., Vanderplanck, M., Wood, T., & Michez, D. (2020). Global warming and
plant–pollinator mismatches. Emerging Topics in Life Sciences, 4, 77-86.
https://doi.org/10.1042/ETLS20190139
Gifford, R. M., Lambers, H., & Morison, J. I. L. (1985). Respiration of crop species
under CO2 enrichment. Physiologia Plantarum, 63, 351–356.
https://doi.org/10.1111/j.1399-3054.1985.tb02309.x

88

Glenny, W. R., Runyon, J. B., & Burkle, L. A. (2018). Drought and increased CO2 alter
floral visual and olfactory traits with context-dependent effects on pollinator visitation.
New Phytologist, 220, 785–798. https://doi.org/10.1111/nph.15081
Gordo, O., & Sanz, J. J. (2005). Phenology and climate change: A long-term study in a
Mediterranean locality. Oecologia, 146, 484–495. https://doi.org/10.1007/s00442-0050240-z
Gray, S. B., & Brady, S. M. (2016). Plant developmental responses to climate change.
Developmental Biology, 419, 64–77. https://doi.org/10.1016/j.ydbio.2016.07.023
Griffin, K. L., Anderson, O. R., Gastrich, M. D., Lewis, J. D., Lin, G., Schuster, W.,
Seemann, J. R., Tissue, D. T., Turnbull, M. H., & Whitehead, D. (2001). Plant growth in
elevated CO2 alters mitochondrial number and chloroplast fine structure. Proceedings of
the National Academy of Sciences, 98, 2473–2478.
https://doi.org/10.1073/pnas.041620898
Hanley, M. E., Franco, M., Pichon, S., Darvill, B., & Goulson, D. (2008). Breeding
system, pollinator choice and variation in pollen quality in British herbaceous plants.
Functional Ecology, 22, 592–598. https://doi.org/10.1111/j.1365-2435.2008.01415.x
Harder, L. D. (1986). Effects of nectar concentration and flower depth on flower handling
efficiency of bumble bees. Oecologia, 69, 309–315. https://doi.org/10.1007/BF00377639
Hatfield, J. L., & Prueger, J. H. (2015). Temperature extremes: Effect on plant growth
and development. Weather and Climate Extremes, 10, 4–10.
https://doi.org/10.1016/j.wace.2015.08.001
Heal, G. (2001). Biodiversity as a commodity. In S. Levin (Ed.), Encyclopedia of
Biodiversity (pp. 359–376). Cambridge, Massachusetts, USA: Academic Press.
Hernández-Villa, V., Vibrans, H., Uscanga-Mortera, E., & Aguirre-Jaimes, A. (2020).
Floral visitors and pollinator dependence are related to floral display size and plant height

89

in native weeds of central Mexico. Flora, 262, 1-9.
https://doi.org/10.1016/j.flora.2019.151505
Herrero, M. (2003). Male and female synchrony and the regulation of mating in
flowering plants. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences, 358, 1019–1024. https://doi.org/10.1098/rstb.2003.1285
Hoover, S. E. R., Ladley, J. J., Shchepetkina, A. A., Tisch, M., Gieseg, S. P., &
Tylianakis, J. M. (2012). Warming, CO2, and nitrogen deposition interactively affect a
plant-pollinator mutualism. Ecology Letters, 15, 227–234. https://doi.org/10.1111/j.14610248.2011.01729.x
Hope, R. (2013). Rmisc. R package version 1.50. https://CRAN.Rproject.org/package=Rmisc
Huang, S. Q., Tang, L. L., Sun, J. F., & Lu, Y. (2006). Pollinator response to female and
male floral display in a monoecious species and its implications for the evolution of floral
dimorphism. New Phytologist, 171, 417–424. https://doi.org/10.1111/j.14698137.2006.01766.x
Ibarra-Jiménez, L., Zermeño-González, A., Munguía-López, J., Quezada-Martín, M. A.
R., & De La Rosa-Ibarra, M. (2008). Photosynthesis, soil temperature and yield of
cucumber as affected by colored plastic mulch. Acta Agriculturae Scandinavica Section B
– Soil and Plant Science, 58, 372-378. https://doi.org/10.1080/09064710801920297
IPCC. (2014). Summary for Policymakers. In O. Edenhofer, R. Pichs-Madruga, Y.
Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P.
Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. von Stechow, T. Zwickel, & J.
C. Minx (Eds.), Climate Change 2014, Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge, UK and New York, NY, USA: Cambridge University
Press.

90

Jakobsen, H. B., & Kritjánsson, K. (1994). Influence of temperature and floret age on
nectar secretion in Trifolium repens L. Annals of Botany, 74, 327–334.
https://doi.org/10.1006/anbo.1994.1125
Johnson, M. P. (2016). Photosynthesis. Essays in Biochemistry, 60, 255–273.
https://doi.org/10.1042/EBC20160016
Jordan, D. B., & Ogren, W. L. (1984). The CO2/O2 specificity of ribulose 1,5bisphosphate carboxylase/oxygenase. Planta, 161, 308–313.
https://doi.org/10.1007/BF00398720
Kaziev, I. P., & Seidova, S. S. (1965). The nectar yield of flower of some Cucurbitaceae
under Azerbaidjan condition. 20th International Beekeeping Jubilee Congress.
https://agris.fao.org/agris-search/search.do?recordID=XE2012200990
Kearns, C. A., & Inouye, D. W. (1993). Techniques for Pollination Biologists. Boulder,
Colorado, USA: University Press of Colorado.
Kehrberger, S., & Holzschuh, A. (2019). Warmer temperatures advance flowering in a
spring plant more strongly than emergence of two solitary spring bee species. PLoS ONE,
14, 1-15. https://doi.org/10.1371/journal.pone.0218824
Kelish, A. E., Winkler, J. B., Lang, H. J. D., Holzinger, A., Behrendt, H., Durner, J.,
Kanter, U., Ernst, D., Starfinger, U., Sölter, U., & Verschwele, A. (2014). Effects of
ozone, CO2 and drought stress on the growth and pollen production of common ragweed
(Ambrosia artemisiifolia). Julius-Kun-Archiv, 445, 139-147.
Kim, D., Medvigy, D., Maier, C. A., Johnsen, K., & Palmroth, S. (2020). Biomass
increases attributed to both faster tree growth and altered allometric relationships under
long‐term carbon dioxide enrichment at a temperate forest. Global Change Biology, 26,
2519–2533. https://doi.org/10.1111/gcb.14971
Kimball, B. A., & Bernacchi, C. J. (2006). Evapotranspiration, canopy temperature, and
plant water relations. In J. Nösberger, S. P. Long, R. J. Norby, M. Stitt, G. R. Hendrey, &

91

Kimball, B. A. (2016). Crop responses to elevated CO2 and interactions with H2O, N, and
temperature. Current Opinion in Plant Biology, 31, 36–43.
https://doi.org/10.1016/j.pbi.2016.03.006
Kirschbaum, M. U. F. (2011). Does enhanced photosynthesis enhance growth? Lessons
learned from CO2 enrichment studies. Plant Physiology, 155, 117–124.
https://doi.org/10.1104/pp.110.166819
Klein, A. M., Vaissière, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A.,
Kremen, C., & Tscharntke, T. (2007). Importance of pollinators in changing landscapes
for world crops. Proceedings of the Royal Society B: Biological Sciences, 274, 303–313.
https://doi.org/10.1098/rspb.2006.3721
Koski, M. H., & Ashman, T. L. (2015). An altitudinal cline in UV floral pattern
corresponds with a behavioral change of a generalist pollinator assemblage. Ecology, 96,
3343–3353. https://doi.org/10.1890/15-0242.1
Koti, S., Reddy, K. R., Reddy, V. R., Kakani, V. G., & Zhao, D. (2005). Interactive
effects of carbon dioxide, temperature, and ultraviolet-B radiation on soybean (Glycine
max L.) flower and pollen morphology, pollen production, germination, and tube lengths.
Journal of Experimental Botany, 56, 725–736. https://doi.org/10.1093/jxb/eri044
Kroner, Y., & Way, D. A. (2016). Carbon fluxes acclimate more strongly to elevated
growth temperatures than to elevated CO2 concentrations in a northern conifer. Global
Change Biology, 22, 2913–2928. https://doi.org/10.1111/gcb.13215
Ku, S. B., & Edwards, G. E. (1977a). Oxygen inhibition of photosynthesis: II. Kinetic
characteristics as affected by temperature. Plant Physiology, 59, 991–999.
https://doi.org/10.1104/pp.59.5.991
Ku, S. B., & Edwards, G. E. (1977b). Oxygen inhibition of photosynthesis: I.
Temperature dependence and relation to O₂/CO₂ solubility ratio. Plant Physiology, 59,
986–990. https://doi.org/10.1104/pp.59.5.986

92

Kudo, G., & Cooper, E. J. (2019). When spring ephemerals fail to meet pollinators:
Mechanism of phenological mismatch and its impact on plant reproduction. Proceedings
of the Royal Society B: Biological Sciences, 286, 1-9.
https://doi.org/10.1098/rspb.2019.0573
LaDeau, S. L., & Clark, J. S. (2006). Pollen production by Pinus taeda growing in
elevated atmospheric CO2. Functional Ecology, 20, 541–547.
https://doi.org/10.1111/j.1365-2435.2006.01133.x
Lake, J. C., & Hughes, L. (1999). Nectar production and floral characteristics of
Tropaeolum majus L. grown in ambient and elevated carbon dioxide. Annals of Botany,
84, 535–541. https://doi.org/10.1006/anbo.1999.0949
Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. (2012). Spatial and temporal
trends of global pollination benefit. PLoS ONE, 7, 1-16.
https://doi.org/10.1371/journal.pone.0035954
Leakey, A. D. B., Ainsworth, E. A., Bernacchi, C. J., Rogers, A., Long, S. P., & Ort, D.
R. (2009). Elevated CO2 effects on plant carbon, nitrogen, and water relations: Six
important lessons from FACE. Journal of Experimental Botany, 60, 2859–2876.
https://doi.org/10.1093/jxb/erp096
Lenth, R. (2018). Lsmeans: Least-squares means. R package version 2.30.
https://CRAN.R-project.org/package=car
Long, S. P. (1991). Modification of the response of photosynthetic productivity to rising
temperature by atmospheric CO2 concentrations: Has its importance been
underestimated? Plant, Cell & Environment, 14, 729–739. https://doi.org/10.1111/j.13653040.1991.tb01439.x
Long, Stephen P., Ainsworth, E. A., Rogers, A., & Ort, D. R. (2004). Rising atmospheric
carbon dioxide: Plants FACE the Future. Annual Review of Plant Biology, 55, 591–628.
https://doi.org/10.1146/annurev.arplant.55.031903.141610

93

Lopez-Cubillos, S., & Hughes, L. (2016). Effects of elevated carbon dioxide (CO2) on
flowering traits of three horticultural plant species. Australian Journal of Crop Science,
11, 1523-1528. https://doi.org/10.21475/ajcs.2016.10.11.PNE46
Markelz, R. J. C., Lai, L. X., Vosseler, L. N., & Leakey, A. D. B. (2014). Transcriptional
reprogramming and stimulation of leaf respiration by elevated CO2 concentration is
diminished, but not eliminated, under limiting nitrogen supply. Plant, Cell &
Environment, 37, 886–898. https://doi.org/10.1111/pce.12205
Marshall, D. L., Avritt, J. J., Maliakal-Witt, S., Medeiros, J. S., & Shaner, M. G. M.
(2010). The impact of plant and flower age on mating patterns. Annals of Botany, 105, 7–
22. https://doi.org/10.1093/aob/mcp260
Martin, N. H. (2004). Flower size preferences of the honeybee (Apis mellifera) foraging
on Mimulus guttatus (Scrophulariaceae). Evolutionary Ecology Research, 6, 777–782.
https://digital.library.txstate.edu/handle/10877/2557
McCormack, J. (2005). Cucurbit Seed Production. Creative Commons.
McDermid, J., Fera, S., & Hogg, A. (2014). Climate Change Projections for Ontario: An
Updated Synthesis for Policymakers and Planners. Ontario Ministry of Natural
Resources and Forestry.
Medlyn, B. E., Barton, C. V. M., Broadmeadow, M. S. J., Ceulemans, R., Angelis, P. D.,
Forstreuter, M., Freeman, M., Jackson, S. B., Kellomäki, S., Laitat, E., Rey, A.,
Roberntz, P., Sigurdsson, B. D., Strassemeyer, J., Wang, K., Curtis, P. S., & Jarvis, P. G.
(2001). Stomatal conductance of forest species after long-term exposure to elevated CO2
concentration: A synthesis. New Phytologist, 149, 247–264.
https://doi.org/10.1046/j.1469-8137.2001.00028.x
Miller-Rushing, A. J., & Primack, R. B. (2008). Global warming and flowering times in
Thoreau’s concord: A community perspective. Ecology, 89, 332–341.
https://doi.org/10.1890/07-0068.1

94

Morison, J. I. L., & Lawlor, D. W. (1999). Interactions between increasing CO2
concentration and temperature on plant growth. Plant, Cell & Environment, 22, 659–682.
https://doi.org/10.1046/j.1365-3040.1999.00443.x
Mu, J., Peng, Y., Xi, X., Wu, X., Li, G., Niklas, K. J., & Sun, S. (2015). Artificial
asymmetric warming reduces nectar yield in a Tibetan alpine species of Asteraceae.
Annals of Botany, 116, 899–906. https://doi.org/10.1093/aob/mcv042
Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M., & Gibon, Y. (2011).
Water deficits uncouple growth from photosynthesis, increase C content, and modify the
relationships between C and growth in sink organs. Journal of Experimental Botany, 62,
1715–1729. https://doi.org/10.1093/jxb/erq438
Muth, F., Francis, J. S., & Leonard, A. S. (2016). Bees use the taste of pollen to
determine which flowers to visit. Biology Letters, 12, 1-4.
https://doi.org/10.1098/rsbl.2016.0356
Nagel, K. A., Kastenholz, B., Jahnke, S., Dusschoten, D. van, Aach, T., Mühlich, M.,
Truhn, D., Scharr, H., Terjung, S., Walter, A., & Schurr, U. (2009). Temperature
responses of roots: Impact on growth, root system architecture and implications for
phenotyping. Functional Plant Biology, 36, 947–959. https://doi.org/10.1071/FP09184
Nakamura, M., Makoto, K., Tanaka, M., Inoue, T., Son, Y., & Hiura, T. (2016). Leaf
flushing and shedding, bud and flower production, and stem elongation in tall birch trees
subjected to increases in aboveground temperature. Trees, 30, 1535–1541.
https://doi.org/10.1007/s00468-016-1387-4
Nattero, J., Malerba, R., Medel, R., & Cocucci, A. (2011). Factors affecting pollinator
movement and plant fitness in a specialized pollination system. Plant Systematics and
Evolution, 296, 77–85. https://doi.org/10.1007/s00606-011-0477-4
Nemirovich-Danchenko, E. N. (1964). Concerning the nectar yield and floral biology of
cucumbers. Izv. Tomsk. Otd. Vses. Bot. Obshch, 5, 127-132. https://agris.fao.org/agrissearch/search.do?recordID=XE20122001403

95

Nicholls, E., & Hempel de Ibarra, N. (2017). Assessment of pollen rewards by foraging
bees. Functional Ecology, 31, 76–87. https://doi.org/10.1111/1365-2435.12778
Nicolson, S. W., Nepi, M., & Pacini, E. (Eds.). (2007). Nectaries and Nectar. Berlin,
Germany: Springer.
Nicolson, S. W. (2011). Bee Food: The chemistry and nutritional value of nectar, pollen
and mixtures of the two. African Zoology, 46, 197–204.
https://doi.org/10.3377/004.046.0201
Niu, G., Heins, R. D., Cameron, A. C., & Carlson, W. H. (2001). Day and night
temperatures, daily light integral, and CO2 enrichment affect growth and flower
development of Campanula carpatica ‘Blue Clips.’ Scientia Horticulturae, 87, 93–105.
https://doi.org/10.1016/S0304-4238(00)00164-3
Obeso, J. R. (1997). Costs of reproduction in Ilex aquifolium: Effects at tree, branch and
leaf levels. Journal of Ecology, 85, 159–166. https://doi.org/10.2307/2960648
Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants are pollinated
by animals? Oikos, 120, 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x
Oren-Shamir, M., Shaked-Sachray, L., Nissim-Levi, A., & Weiss, D. (2000). Effect of
growth temperature on aster flower development. HortScience, 35, 28–29.
https://doi.org/10.21273/HORTSCI.35.1.28
Orsenigo, S., Mondoni, A., Rossi, G., & Abeli, T. (2014). Some like it hot and some like
it cold, but not too much: Plant responses to climate extremes. Plant Ecology, 215, 677–
688. https://doi.org/10.1007/s11258-014-0363-6
Osborne, J. L., Awmack, C. S., Clark, S. J., Williams, I. H., & Mills, V. C. (1997). Nectar
and flower production in Vicia faba L. (field bean) at ambient and elevated carbon
dioxide. Apidologie, 28, 43–55. https://doi.org/10.1051/apido:19970105
Pacini, E., Nepi, M., & Vesprini, J. L. (2003). Nectar biodiversity: A short review. Plant
Systematics and Evolution, 238, 7–21. https://doi.org/10.1007/s00606-002-0277-y

96

Palacios, C. J., Grandis, A, Carvalho, V. J., Salatino, A., & Buckeridge, M. S. (2019).
Isolated and combined effects of elevated CO2 and high temperature on the whole-plant
biomass and the chemical composition of soybean seeds. Food Chemistry, 275, 610-617.
https://doi.org/10.1016/j.foodchem.2018.09.052
Pamminger, T., Becker, R., Himmelreich, S., Schneider, C. W., & Bergtold, M. (2019).
The nectar report: Quantitative review of nectar sugar concentrations offered by bee
visited flowers in agricultural and non-agricultural landscapes. PeerJ, 7, 1-15.
https://doi.org/10.7717/peerj.6329
Parmesan, C. (2007). Influences of species, latitudes and methodologies on estimates of
phenological response to global warming. Global Change Biology, 13, 1860–1872.
https://doi.org/10.1111/j.1365-2486.2007.01404.x
Pau, S., Wolkovich, E. M., Cook, B. I., Nytch, C. J., Regetz, J., Zimmerman, J. K., &
Joseph Wright, S. (2013). Clouds and temperature drive dynamic changes in tropical
flower production. Nature Climate Change, 3, 838–842.
https://doi.org/10.1038/nclimate1934
Pazzagli, P. T., Weiner, J., & Liu, F. (2016). Effects of CO2 elevation and irrigation
regimes on leaf gas exchange, plant water relations, and water use efficiency of two
tomato cultivars. Agricultural Water Management, 169, 26–33.
https://doi.org/10.1016/j.agwat.2016.02.015
Pearson, S., Parker, A., Adams, S. R., Hadley, P., & May, D. R. (2015). The effects of
temperature on the flower size of pansy (Viola x wittrockiana Gams.). Journal of
Horticultural Science, 70,183-190. https://doi.org/10.1080/14620316.1995.11515287
Pessarakli, M. (Ed.). (2016). Handbook of Cucurbits: Growth, Cultural Practices, and
Physiology (1 ed.). Boca Raton, Florida, USA: CRC Press.
Petanidou, T., & Smets, E. (1996). Does temperature stress induce nectar secretion in
Mediterranean plants? New Phytologist, 133, 513–518. https://doi.org/10.1111/j.14698137.1996.tb01919.x

97

Peterhansel, C., Horst, I., Niessen, M., Blume, C., Kebeish, R., Kürkcüoglu, S., &
Kreuzaler, F. (2010). Photorespiration. The Arabidopsis Book, 8, 1-24.
https://doi.org/10.1199/tab.0130
Piao, S., Liu, Q., Chen, A., Janssens, I. A., Fu, Y., Dai, J., Liu, L., Lian, X., Shen, M., &
Zhu, X. (2019). Plant phenology and global climate change: Current progresses and
challenges. Global Change Biology, 25, 1922–1940. https://doi.org/10.1111/gcb.14619
Pickering, C. M., & Hill, W. (2002). Reproductive ecology and the effect of altitude on
sex ratios in the dioecious herb Aciphylla simplicifolia (Apiaceae). Australian Journal of
Botany, 50, 289–300. https://doi.org/10.1071/BT01043
Pivnick, K. A., & McNeil, J. N. (1985). Effects of nectar concentration on butterfly
feeding: measured feeding rates for Thymelicus lineola (Lepidoptera: Hesperiidae) and a
general feeding model for adult Lepidoptera. Oecologia, 66, 226-237.
https://doi.org/10.1007/BF00379859
Potts, S. G., Imperatriz-Fonseca, V., Ngo, H. T., Aizen, M. A., Biesmeijer, J. C., Breeze,
T. D., Dicks, L. V., Garibaldi, L. A., Hill, R., Settele, J., & Vanbergen, A. J. (2016).
Safeguarding pollinators and their values to human well-being. Nature, 540, 220–229.
https://doi.org/10.1038/nature20588
Prasad, P. V. V., Boote, K. J., Allen, L. H., Sheehy, J. E., & Thomas, J. M. G. (2006).
Species, ecotype and cultivar differences in spikelet fertility and harvest index of rice in
response to high temperature stress. Field Crops Research, 95, 398–411.
https://doi.org/10.1016/j.fcr.2005.04.008
Pressman, E., Peet, M. M., & Pharr, D. M. (2002). The effect of heat stress on tomato
pollen characteristics is associated with changes in carbohydrate concentration in the
developing anthers. Annals of Botany, 90, 631–636. https://doi.org/10.1093/aob/mcf240
Primack, D., Imbres, C., Primack, R. B., Miller‐Rushing, A. J., & Tredici, P. D. (2004).
Herbarium specimens demonstrate earlier flowering times in response to warming in

98

Boston. American Journal of Botany, 91, 1260–1264.
https://doi.org/10.3732/ajb.91.8.1260
Pye, D. J. (2018). The eye of the beeholder: Comparing honey bee and human vision. Bee
World, 95, 95-98. https://doi.org/10.1080/0005772X.2018.1467372
Pyke, G. H. (1991). What does it cost a plant to produce floral nectar? Nature, 350, 58–
59. https://doi.org/10.1038/350058a0
Pyke, G. H. (2016). Floral nectar: Pollinator attraction or manipulation? Trends in
Ecology & Evolution, 31, 339–341. https://doi.org/10.1016/j.tree.2016.02.013
Qaderi, M. M., & Reid, D. M. (2005). Growth and physiological responses of canola
(Brassica napus) to UV-B and CO2 under controlled environment conditions.
Physiologia Plantarum, 125, 247–259. https://doi.org/10.1111/j.1399-3054.2005.00566.x
Ramos–Jiliberto, R., Moisset de Espanés, P., Franco–Cisterna, M., Petanidou, T., &
Vázquez, D. P. (2018). Phenology determines the robustness of plant–pollinator
networks. Scientific Reports, 8, 1-10. https://doi.org/10.1038/s41598-018-33265-6
Rasband, W. S. (2020). ImageJ. U. S. National Institutes of Health, Bethesda, Maryland,
USA
Reich, P. B., Hobbie, S. E., & Lee, T. D. (2014). Plant growth enhancement by elevated
CO2 eliminated by joint water and nitrogen limitation. Nature Geoscience, 7, 920–924.
https://doi.org/10.1038/ngeo2284
Renner, S. S., & Ricklefs, R. E. (1995). Dioecy and its correlates in the flowering plants.
American Journal of Botany, 82, 596–606. https://doi.org/10.2307/2445418
Robertson, H. M., & Wanner, K. W. (2006). The chemoreceptor superfamily in the honey
bee, Apis mellifera: Expansion of the odorant, but not gustatory, receptor family. Genome
Research, 16, 1395–1403. https://doi.org/10.1101/gr.5057506

99

Roubik, D. W., & Buchmann, S. L. (1984). Nectar selection by Melipona and Apis
mellifera (Hymenoptera: Apidae) and the ecology of nectar intake by bee colonies in a
tropical forest. Oecologia, 61, 1–10. https://doi.org/10.1007/BF00379082
Roulston, T. H., Cane, J. H., & Buchmann, S. L. (2000). What governs protein content of
pollen: Pollinator preferences, pollen–pistil interactions, or phylogeny? Ecological
Monographs, 70, 617–643. https://doi.org/10.1890/00129615(2000)070[0617:WGPCOP]2.0.CO;2
Roulston, T. H., & Cane, J. H. (2000). Pollen nutritional content and digestibility for
animals. Plant Systematics and Evolution, 222, 187-209.
https://doi.org/10.1007/BF00984102
R Core Team. (2020). R: A Language and Environment for Statistical Computing
(Version 4.0.0). Vienna, Austria: R Foundation for Statistical Computing.
RStudio team. (2020). RStudio: Integrated Development Environment for R (Version
1.2.5042). Boston, Massachusetts, USA: RStudio, Inc.
Russell, A. L., Morrison, S. J., Moschonas, E. H., & Papaj, D. R. (2017). Patterns of
pollen and nectar foraging specialization by bumblebees over multiple timescales using
RFID. Scientific Reports, 7, 1-13. https://doi.org/10.1038/srep42448
Rusterholz, H. P., & Erhardt, A. (1998). Effects of elevated CO2 on flowering phenology
and nectar production of nectar plants important for butterflies of calcareous grasslands.
Oecologia, 113, 341–349. https://doi.org/10.1007/s004420050385
Sage, R. F., & Kubien, D. S. (2007). The temperature response of C3 and C4
photosynthesis. Plant, Cell & Environment, 30, 1086–1106.
https://doi.org/10.1111/j.1365-3040.2007.01682.x
Sage, T. L., Bagha, S., Lundsgaard-Nielsen, V., Branch, H. A., Sultmanis, S., & Sage, R.
F. (2015). The effect of high temperature stress on male and female reproduction in
plants. Field Crops Research, 182, 30–42. https://doi.org/10.1016/j.fcr.2015.06.011

100

Sallas, L., Luomala, E. M., Utriainen, J., Kainulainen, P., & Holopainen, J. K. (2003).
Contrasting effects of elevated carbon dioxide concentration and temperature on rubisco
activity, chlorophyll fluorescence, needle ultrastructure and secondary metabolites in
conifer seedlings. Tree Physiology, 23, 97–108. https://doi.org/10.1093/treephys/23.2.97
Salvucci, M. E., Osteryoung, K. W., Crafts-Brandner, S. J., & Vierling, E. (2001).
Exceptional sensitivity of rubisco activase to thermal denaturation in vitro and in vivo.
Plant Physiology, 127, 1053–1064. https://doi.org/10.1104/pp.010357
Scaven, V. L., & Rafferty, N. E. (2013). Physiological effects of climate warming on
flowering plants and insect pollinators and potential consequences for their interactions.
Current Zoology, 59, 418–426. https://doi.org/10.1093/czoolo/59.3.418
Scheiner, R., Abramson, C., Brodschneider, R., Crailsheim, K., Farina, W., Fuchs, S.,
Gruenewald, B., Hahshold, S., Karrer, M., Koeniger, G., Koeniger, N., Menzel, R.,
Mujagic, S., Radspieler, G., Schmickl, T., Schneider, C., Siegel, A., Szopek, M., &
Thenius, R. (2013). Standard methods for behavioral studies of Apis mellifera. Journal of
Apicultural Research, 52, 1-58. https://doi.org/10.3896/IBRA.1.52.4.04
Settele, J., Bishop, J., & Potts, S. G. (2016). Climate change impacts on pollination.
Nature Plants, 2, 1–3. https://doi.org/10.1038/nplants.2016.92
Shackleton, K., Balfour, N. J., Toufailia, H. A., Gaioski, R., Barbosa, M. de M., Silva, C.
A. de S., Bento, J. M. S., Alves, D. A., & Ratnieks, F. L. W. (2016). Quality versus
quantity: Foraging decisions in the honeybee (Apis mellifera scutellata) feeding on
wildflower nectar and fruit juice. Ecology and Evolution, 6, 7156–7165.
https://doi.org/10.1002/ece3.2478
Shapiro, J. B., Griffin, K. L., Lewis, J. D., & Tissue, D. T. (2004). Response of Xanthium
strumarium leaf respiration in the light to elevated CO2 concentration, nitrogen
availability and temperature. New Phytologist, 162, 377–386.
https://doi.org/10.1111/j.1469-8137.2004.01046.x@10.1002/(ISSN)14698137(CAT)SpecialIssues(VI)Climatechangeandecosystemfunction

101

Shin, H. K., Lieth, J. H., & Kim, S. H. (2001). Effects of temperature on leaf area and
flower size in rose. Acta Horticulturae, 547, 185–193.
https://doi.org/10.17660/ActaHortic.2001.547.22
Shrestha, M., Garcia, J. E., Bukovac, Z., Dorin, A., & Dyer, A. G. (2018). Pollination in a
new climate: Assessing the potential influence of flower temperature variation on insect
pollinator behaviour. PLoS ONE, 13, 1-24. https://doi.org/10.1371/journal.pone.0200549
Slot, M., & Kitajima, K. (2015). General patterns of acclimation of leaf respiration to
elevated temperatures across biomes and plant types. Oecologia, 177, 885–900.
https://doi.org/10.1007/s00442-014-3159-4
Solís-Montero, L., & Vallejo-Marín, M. (2017). Does the morphological fit between
flowers and pollinators affect pollen deposition? An experimental test in a buzzpollinated species with anther dimorphism. Ecology and Evolution, 7, 2706–2715.
https://doi.org/10.1002/ece3.2897
Song, Y., Yu, J., & Huang, B. (2014). Elevated CO2-mitigation of high temperature stress
associated with maintenance of positive carbon balance and carbohydrate accumulation
in Kentucky Bluegrass. PLoS ONE, 9, 1-11.
https://doi.org/10.1371/journal.pone.0089725
Southwick, E. E. (1984). Photosynthate allocation to floral nectar: A neglected energy
investment. Ecology, 65, 1775–1779. https://doi.org/10.2307/1937773
Springer, C. J., & Ward, J. K. (2007). Flowering time and elevated atmospheric CO2.
New Phytologist, 176, 243–255. https://doi.org/10.1111/j.1469-8137.2007.02196.x
Stanghellini, M. S., Ambrose, J. T., & Schultheis, J. R. (1997). The effects of honey bee
and bumble bee pollination on fruit set and abortion of cucumber and watermelon.
American Bee Journal, 137, 386-391. https://agris.fao.org/agrissearch/search.do?recordID=XE20122002795

102

Steiger, S. S., Fidler, A. E., Valcu, M., & Kempenaers, B. (2008). Avian olfactory
receptor gene repertoires: Evidence for a well-developed sense of smell in birds?
Proceedings of the Royal Society B: Biological Sciences, 275, 2309–2317.
https://doi.org/10.1098/rspb.2008.0607
Suraweera, D. D., Groom, T., & Nicolas, M. E. (2020). Exposure to heat stress during
flowering period reduces flower yield and pyrethrins in Pyrethrum (Tanacetum
cinerariifolium). Journal of Agronomy and Crop Science, 00, 1-14.
https://doi.org/10.1111/jac.12405
Taiz, L., & Zeiger, E. (2002). Plant Physiology (3rd ed.). Sunderland, Massachusetts,
USA: Sinauer Associates.
Takkis, K., Tscheulin, T., & Petanidou, T. (2018). Differential effects of climate warming
on the nectar secretion of early- and late-flowering Mediterranean plants. Frontiers in
Plant Science, 9, 1-13. https://doi.org/10.3389/fpls.2018.00874
Takkis, K., Tscheulin, T., Tsalkatis, P., & Petanidou, T. (2015). Climate change reduces
nectar secretion in two common Mediterranean plants. AoB PLANTS, 7, 1-13.
https://doi.org/10.1093/aobpla/plv111
Taylor, G., Ceulemans, R., Ferris, R., Gardner, S. D. L., & Shao, B. Y. (2001). Increased
leaf area expansion of hybrid poplar in elevated CO2. From controlled environments to
open-top chambers and to FACE. Environmental Pollution, 115, 463–472.
https://doi.org/10.1016/S0269-7491(01)00235-4
Tjoelker, M. G., Oleksyn, J., & Reich, P. B. (1999). Acclimation of respiration to
temperature and CO2 in seedlings of boreal tree species in relation to plant size and
relative growth rate. Global Change Biology, 5, 679-691. https://doi.org/10.1046/j.13652486.1999.00257.x
USDA. (2017). Attractiveness of Agricultural Crops to Pollinating Bees for the
Collection of Nectar and/or Pollen. United States Department of Agriculture. Retrieved
July 8, 2020, from

103

https://www.usda.gov/oce/opmp/Attractiveness%20of%20Agriculture%20Crops%20to%
20Pollinating%20Bees%20Report-FINAL_Web%20Version_Jan%203_2018.pdf
USDC. (2020). Global Monitoring Laboratory - Trends in Atmospheric Carbon Dioxide.
United States Department of Commerce. Retrieved June 20, 2020, from
https://www.esrl.noaa.gov/gmd/ccgg/trends/
Vara Prasad, P. V., Boote, K. J., & Allen, L. H. (2006). Adverse high temperature effects
on pollen viability, seed-set, seed yield and harvest index of grain-sorghum [Sorghum
bicolor (L.) Moench] are more severe at elevated carbon dioxide due to higher tissue
temperatures. Agricultural and Forest Meteorology, 139, 237–251.
https://doi.org/10.1016/j.agrformet.2006.07.003
Vara Prasad, P. V., Boote, K. J., Allen, L. H., & Thomas, J. M. G. (2002). Effects of
elevated temperature and carbon dioxide on seed-set and yield of kidney bean (Phaseolus
vulgaris L.). Global Change Biology, 8, 710–721. https://doi.org/10.1046/j.13652486.2002.00508.x
Vara Prasad, P. V., Craufurd, P. Q., & Summerfield, R. J. (1999). Fruit number in
relation to pollen production and viability in groundnut exposed to short episodes of heat
stress. Annals of Botany, 84, 381–386. https://doi.org/10.1006/anbo.1999.0926
Vara Prasad, P. V., Craufurd, P. Q., Summerfield, R. J., & Wheeler, T. R. (2000). Effects
of short episodes of heat stress on flower production and fruit‐set of groundnut (Arachis
hypogaea L.). Journal of Experimental Botany, 51, 777–784.
https://doi.org/10.1093/jexbot/51.345.777
Wang, D., Heckathorn, S. A., Wang, X., & Philpott, S. M. (2012). A meta-analysis of
plant physiological and growth responses to temperature and elevated CO2. Oecologia,
169, 1–13. https://doi.org/10.1007/s00442-011-2172-0
Warner, R. M., & Erwin, J. E. (2005). Prolonged high temperature exposure and daily
light integral impact growth and flowering of five herbaceous ornamental species.

104

Journal of the American Society for Horticultural Science, 130, 319–325.
https://doi.org/10.21273/JASHS.130.3.319
Way, D. A., Oren, R., Kim, H. S., & Katul, G. G. (2011). How well do stomatal
conductance models perform on closing plant carbon budgets? A test using seedlings
grown under current and elevated air temperatures. Biogeosciences, 116, 1-16.
https://doi.org/10.1029/2011JG001808
Way, D. A., Oren, R., & Kroner, Y. (2015). The space-time continuum: The effects of
elevated CO2 and temperature on trees and the importance of scaling. Plant, Cell &
Environment, 38, 991–1007. https://doi.org/10.1111/pce.12527
Wayne, P., Foster, S., Connolly, J., Bazzaz, F., & Epstein, P. (2002). Production of
allergenic pollen by ragweed (Ambrosia artemisiifolia L.) is increased in CO2-enriched
atmospheres. Annals of Allergy, Asthma & Immunology, 88, 279–282.
https://doi.org/10.1016/S1081-1206(10)62009-1
Wester, P., & Lunau, K. (2017). Plant–Pollinator Communication. In G. Becard (Ed.),
How Plants Communicate with their Biotic Environment (1st ed., pp. 225–257).
Cambridge, Massachusetts, USA: Academic Press.
https://doi.org/10.1016/bs.abr.2016.10.004
Williams, J. L., & Conner, J. K. (2001). Sources of phenotypic variation in floral traits in
wild radish, Raphanus raphanistrum (Brassicaceae). American Journal of Botany, 88,
1577–1581. https://doi.org/10.2307/3558401
Willmer, P. (2011). Pollination and Floral Ecology. Princeton, New Jersey, USA:
Princeton University Press.
Wookey, P. A., Welker, J. M., Parsons, A. N., Press, M. C., Callaghan, T. V., & Lee, J.
A. (1994). Differential growth, allocation and photosynthetic responses of Polygonum
viviparum to simulated environmental change at a high arctic polar semi-desert. Oikos,
70, 131–139. https://doi.org/10.2307/3545708

105

Xiaotao, D., Yuping, J., Hong, W., Haijun, J., Hongmei, Z., Chunhong, C., & Jizhu, Y.
(2013). Effects of cytokinin on photosynthetic gas exchange, chlorophyll fluorescence
parameters, antioxidative system and carbohydrate accumulation in cucumber (Cucumis
sativus L.) under low light. Acta Physiologiae Plantarum, 35, 1427–1438.
https://doi.org/10.1007/s11738-012-1182-9
Xu, S., Zhu, X., Li, C., & Ye, Q. (2014). Effects of CO2 enrichment on photosynthesis
and growth in Gerbera jamesonii. Scientia Horticulturae, 177, 77–84.
https://doi.org/10.1016/j.scienta.2014.07.022
Yamori, W., Noguchi, K., Kashino, Y., & Terashima, I. (2008). The role of electron
transport in determining the temperature dependence of the photosynthetic rate in spinach
leaves grown at contrasting temperatures. Plant and Cell Physiology, 49, 583–591.
https://doi.org/10.1093/pcp/pcn030
Zheng, S. H., Nakamoto, H., Yoshikawa, K., Furuya, T., & Fukuyama, M. (2002).
Influences of high night temperature on flowering and pod setting in Soybean. Plant
Production Science, 5, 215–218. https://doi.org/10.1626/pps.5.215
Zhou, Y., Zhang, Y., Wang, X., Cui, J., Xia, X., Shi, K., & Yu, J. (2011). Effects of
nitrogen form on growth, CO2 assimilation, chlorophyll fluorescence, and photosynthetic
electron allocation in cucumber and rice plants. Journal of Zhejiang University SCIENCE
B, 12, 126–134. https://doi.org/10.1631/jzus.B1000059
Zinn, K. E., Tunc-Ozdemir, M., & Harper, J. F. (2010). Temperature stress and plant
sexual reproduction: Uncovering the weakest links. Journal of Experimental Botany, 61,
1959–1968. https://doi.org/10.1093/jxb/erq053
Ziska, L., & Caulfield, F. (2000). Rising CO2 and pollen production of common ragweed
(Ambrosia artemisiifolia L.), a known allergy-inducing species: Implications for public
health. Functional Plant Biology, 27, 893–898. https://doi.org/10.1071/PP00032
Ziska, L. H., Manalo, P. A., & Ordonez, R. A. (1996). Intraspecific variation in the
response of rice (Oryza sativa L.) to increased CO2 and temperature: Growth and yield

106

response of 17 cultivars. Journal of Experimental Botany, 47, 1353–1359.
https://doi.org/10.1093/jxb/47.9.1353

107

Curriculum Vitae
Name:

Sarah Josina McDonald

Post-secondary
Education and
Degrees:

University of Guelph
Guelph, Ontario, Canada
2014 – 2018 Hons. BSc. With distinction.

Honours and
Awards:

NSERC Alexander Graham Bell Canada Graduate
Scholarship
2019 – 2020
Dr. Joy Dickson-Clark Ontario Graduate Scholarship
2020
Queen Elizabeth II Graduate Scholarship for Science and
Technology
2018 – 2019 (offered 2019 – 2020)
Botanical Society of America Young Botanist Award
2018
Monroe Landon Memorial Scholarship (for interest in native flora
and field biology)
2018
Dean’s Honours List
2014 – 2018
NSERC Undergraduate Research Award
2017
University of Guelph Entrance Scholarship
2014

Related Work
Experience:

Teaching Assistant
University of Western Ontario
2018 – 2020
Undergraduate Research Assistant
University of Guelph
2017
Research Assistant

108

Ontario Ministry of Agriculture, Food, and Rural Affairs
2015, 2016
Presentations:

McDonald, S., & Way, D. A. Climate change effects on floral
traits and carbon dynamics of cucumber: Potential consequences
for a plant-pollinator mutualism. (Presentation) Canadian
Botanical Association Meeting, Online, Canada, 2020
McDonald, S., & Way, D. A. Climate change effects on floral
traits and carbon dynamics of cucumber: Potential consequences
for a plant-pollinator mutualism (Poster) Canadian Society of Plant
Biologists Eastern Regional Meeting, St. Catherine’s, Ontario,
Canada, 2019
McDonald, S., & Way, D. A. How will climate change affect
nectar and pollen quantity and quality in an economically
important crop? (Poster) Plant Cell and Environment 40th
Anniversary Symposium, Glasgow, Scotland, 2019. Biology
Graduate Research Forum, London, Ontario, Canada, 2019.
Canadian Society of Plant Biologists Eastern Regional Meeting,
London, Ontario, Canada, 2018.

Publications:
Duarte A. G., Dusenge, M. E., McDonald, S., Bennett, K., Lemon, K., Radford, J., &
Way. D. A. (In press). Photosynthetic acclimation to temperature and CO2: The
role of leaf nitrogen. In Photosynthesis, Respiration, and Climate Change.
Springer.
McDonald, S., & Caruso, C. M. (2019). Simulated nectar robbing does not affect
pollinator-mediated selection on floral traits of Impatiens capensis. International
Journal of Plant Sciences, 180, 922-927.

